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ABSTRACT 
In animal cells, the relationship between the Golgi apparatus and 
cytoskeleton has been well characterised but not much is known 
in plants. 
The functions of the Golgi apparatus are conserved amongst 
eukaryotes. It is one of the main stations in the secretory pathway 
and is involved in protein processing and sorting to different 
destinations. In plants, it is also involved in trafficking and 
positioning of cell wall components.  
In tobacco epidermal cells, fluorescent labelling with Golgi marker 
proteins has shown that the Golgi apparatus is made of hundreds 
of individual units scattered in the cortical cytoplasm and moving 
on the actin cytoskeleton. The contribution of actin filaments to 
Golgi body motility in plant has been extensively described, but 
this actin-centric view has recently been challenged. 
Emerging evidence suggests that microtubules may contribute to 
short distance movement and ‘fine tuning’ of Golgi body 
displacement. Moreover, proteomic studies linking the actin-
cytoskeleton to microtubules have demonstrated that these two 
components of the cytoskeleton are closely related and a role of 
the microtubules in Golgi movement cannot be excluded. 
  
In this thesis, automated tracking of Golgi bodies was used to 
understand and quantify the contribution of actin filaments and 
microtubules to the organelle dynamics. The tracking technique is 
also used to assess how the labelling of the cytoskeleton, with a 
novel fluorescent nanoprobe, affects the dynamics and stability of 
the actin filaments and the movement of Golgi bodies; FRAP 
analysis (fluorescent recovery after photo-bleaching) was also 
used to investigate the binding properties of the fluorescent 
nanoprobe to the actin filaments. The nanoprobe was compared 
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with another cytoskeletal marker, Lifeact-GFP, to evaluate their 
suitability for studying the organelle’s motility in relation to the 
actin-cytoskeleton. 
Micromanipulation of Golgi bodies with optical tweezers was used 
to test if there are physical links between the organelles and the 
cytoskeleton.  
The widely accepted model is that organelles move on actin 
filaments and movement is powered by myosins. The hypothesis 
that actin filaments slide one of top of the other, and drag the 
organelles along, was tested using the FRAP technique.  
Kinesin-13a is the only microtubule motor protein localized on 
Golgi bodies by immunochemical studies. Its localization was 
investigated in vivo to evaluate if it is involved in linking Golgi 
bodies to microtubules. 
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1 INTRODUCTION 
 
1.1 The endomembrane system 
 
The endomembrane system consists of membrane-bounded 
compartments that are functionally and morphologically distinct. 
In plant cells, it comprises the nuclear envelope and the 
endoplasmic reticulum (ER), the Golgi bodies (GB), various 
endosomal post-Golgi compartments, the vacuole(s), the plasma 
membrane (PM) and all the vesicles shuttling between these 
compartments (Sparkes and Brandizzi 2012).The system is 
essential for the correct processing and flow of proteins and other 
molecules, such as lipids, glycans and polysaccharides, from the 
compartment where they are synthesized to the final destinations 
(Drakakaki and Dandekar 2013).  
The biosynthetic, anterograde or secretory pathway starts at the 
endoplasmic reticulum (ER) where secretory proteins and most 
phospholipids are synthesised. The Golgi bodies then process the 
proteins received from the ER and mediate the traffic to the final 
destinations (vacuoles, plasma membrane or apoplast).  
 
1.1.1 Endoplasmic reticulum 
 
The endoplasmic reticulum (ER) is the largest organelle in cells; it 
is connected to the nuclear envelope membrane and it is located 
under the plasma membrane spread through the cytosol 
(Staehelin 1997). The morphology of ER and its function are 
conserved across animals and plants; it is a continuous membrane 
system of sheets interlinked by tubules; the sheets can be further 
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classified in nodes or punctae (with an area between 0.1 and 0.3 
µm2) or cisternae (area more than 0.3 µm2) (Sparkes et al. 2009a).  
The structural domains also represent functional domains. ER 
sheets can be associated with ribosomes and these are the sites of 
the synthesis of proteins destined to follow the secretory 
pathway; proteins are inserted in the ER lumen co-transitionally 
or post-translationally and in the ER undergo to N-glycosylation, 
folding and quality control (Chen et al. 2012, Galili et al. 1998). In 
animal cells, ribosomes contribute to maintain the structure of the 
cisternae (Puhka et al. 2007). In plants, the ER has specific and 
additional functions such as cell-to-cell communication via 
plasmodesmata, storage of lipids and proteins (Galili et al. 1998). 
Transitions between sheets and tubules are observed during the 
development of Arabidopsis cells; ER sheets are predominant in 
developing cells while more tubules are found in mature cells. The 
conversion between the two structures is also induced by 
pathogen infection (Takemoto et al. 2003). The ER structural 
elements maintain their transient nature also in non-dividing 
cells. The analysis of persistency of ER sheets and tubules in 
tobacco leaf mature cell, demonstrated that certain areas of the 
reticulum remain stable over the time and form the framework on 
which the remodelling occurs (Sparkes et al. 2009a).  
The ER membrane is shaped by a class of proteins called 
reticulons (Chen et al. 2013). Reticulons are integral 
transmembrane proteins containing four transmembrane 
domains; the topology of such domains is wedge-like and is 
responsible for curving the ER membrane and induce ER 
tubulation (Tolley et al. 2010). In plant, reticulon RTNLB 
(reticulon like protein subfamily B) belonging to the subfamily 
1,2,4 and 13 are the most abundantly expressed of the reticulon 
family and their ability to curve the membrane depends on 
interactions between reticulons (Sparkes et al. 2010). RTNLB3 
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and RTNLB6 constrict the endoplasmic reticulum to 
plasmodesmata tubules and might have a role in linking the ER to 
the plasma membrane (Kriechbaumer et al. 2015).  
The rearrangements of the ER are also dependent on intact actin-
cytoskeleton and on the functional actin motor protein myosin 
XIK ( Sparkes et al. 2009a).  
 
The ER represents the entry point for proteins destined to follow 
the secretory pathway to either intracellular compartments or 
exocytosis (Stefano et al. 2014). Once the proteins are 
glycosylated, folded and passed the quality control in the ER, they 
can follow a conventional route through the Golgi apparatus or an 
unconventional route by-passing the Golgi apparatus stacks 
(Drakakaki and Dandekar 2013).The mechanism regulating the 
exchange of cargo proteins between the ER and Golgi apparatus 
(GA) is matter of debate in the plant field. In eukaryotes, the 
anterograde transport (proteins leaving the ER towards the GA) 
and retrograde transport (from GA to ER) is mediated by COPII 
and COPI coated vesicles respectively (Barlowe and Miller 2013). 
In plants however, the existence of COPII vesicles and their role in 
the anterograde transport is matter of debate (Robinson et al. 
2015). Electron microscope and live-cell images combined with 
fluorescent labelling and laser manipulation (optical trapping) 
shows that there is a physical link between the Golgi apparatus 
and ER (Sparkes et al. 2009b); these evidences lead to an 
alternative model where proteins move from the ER to the Golgi 
via tubules connecting the two compartments (Hawes 2012) 
(Figure 1). 
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Figure 1. Overview of the trafic between Endoplasmic reticulum 
(ER) and Golgi apparatus (GA).  
Transport between ER and GA is performed by the Coat protein I (COPI, 
retrograde transport) and Coat protein I (COPI, anterograde transport) 
vesicles (a). 
According to second possible model (b), the ER and GA are linked 
through ER exit Sites (ERES), but it is not known whether there is 
membrane continuity or proteins bridging between the two 
compartments. 
 
 
1.1.2 The Golgi apparatus 
 
The first observation of Golgi apparatus was reported in 1898 by 
Camilo Golgi while working on nerve cels. In the minutes 
published in the Medical-Surgical society of Pavia, he 
communicated the discovery of the novel organele as “internal 
reticular apparatus” in the cytoplasm of nerve cel body. Initialy 
considered an artefact of the fixation process, only in the 50s with 
the development of electron microscopy it was confirmed to be a 
unique organele (Mazzarelo et al. 2009, Dröscher 1998). 
The Golgi apparatus is a ubiquitous organele in eukaryotes and 
the main architecture is conserved, with few structural diferences 
between mammalian and plant cels. The Golgi apparatus consists 
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of a pile of flattened membrane bounded cisternae with dilated 
rims, surrounded by small vesicles. In animal cells, the single Golgi 
stacks are connected by tubules to form the Golgi ribbon 
(Klumperman 2011).  
The plant Golgi are dispersed in the cytoplasm and are 
structurally and functionally independent units; Golgi bodies are 
composed of five to eight cisternae with cis-trans polarity 
(Staehelin and Moore 1995). The number of Golgi bodies per cell 
and of cisternae depends on the plant physical conditions, 
developmental stage and cellular specificity (Andreeva et al. 
1998). Live cell imaging combined with targeted fluorescent 
protein techniques provided the evidence that Golgi bodies are 
motile in the cytoplasm (Boevink et al. 1998). 
Within Golgi body stacks, cisternae are morphologically and 
enzymatically different: protein cargo from the ER enters the cis-
side cisternae and exits the trans-side of the organelle (Nebenführ 
and Staehelin 2001, Day et al. 2013). The function of the Golgi 
apparatus is conserved in animal and plant cells. Across the Golgi 
stacks, enzymes such as glycosyltransferases, glycosidases and 
nucleotide sugar transporters are dispersed to progressively 
modify proteins (Stanley 2011). Plant Golgi bodies are the sites 
where CSC (cellulose synthases complexes) assemble into 
hexameric rosette structures (Haigler and Jr 1986, Olek et al. 
2014) and then are transported to the plasma membrane; Golgi 
bodies pause on microtubules to insert the CSC into the plasma 
membrane where the complex becomes active and synthetizes the 
cellulose  (Crowell et al. 2009). 
Plant Golgi bodies are dynamic organelles, unlike their 
mammalian counterpart which is stationary. Fluorescent protein 
technology made it possible to image the plant Golgi bodies in 
living cells and revealed that they are dispersed and move on the 
ER/cytoskeleton interface in the cortical cytoplasm (Boevink et al. 
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1998). Preliminary studies demonstrated that these organelles 
are in close association with the actin-cytoskeleton and move on 
the underlying ER network: treatment with the actin 
depolymerising agent cytochalasin D caused the Golgi bodies to 
stop moving and cluster in groups. The model proposed was that 
Golgi stacks might act as “vacuum cleaner” collecting cargo from 
the ER as they pass over the endoplasmic reticulum export sites 
(ERES) (Boevink et al. 1998).  
A further study on Golgi dynamics characterised in more detail the 
nature of the movement. Golgi bodies alternate between rapid 
linear motions and pauses, in which the organelles are wiggling 
around a position for a variable period of time. A model for Golgi 
dynamics, named “stop and go” was postulated: Golgi bodies 
travel associated with the actin filaments and arrest on activated 
ER exit sites (ERES), increasing the efficiency of the traffic 
between the two compartments (Nebenführ et al. 1999). ERES are 
sites through which the secretory proteins exit the endoplasmic 
reticulum (Langhans et al. 2012, Lerich et al. 2012) and in plant 
are associated and move together with the Golgi bodies to form a 
secretory unit (daSilva et al. 2004).  
The protein trafficking between the endoplasmic reticulum and 
Golgi bodies is mediated by vesicles covered by COP proteins 
(coat proteins). COP proteins form complexes that assemble on a 
membrane surface, where they select cargo proteins and 
polymerize into spherical cages to deform the membrane into a 
bud, which subsequently separates as a vesicle (Bonifacino and 
Glick 2004). COPII proteins (coat protein II) cover the vesicle 
trafficking proteins from the ER to the Golgi apparatus 
(anterograde transport). The transport from the Golgi apparatus 
to the ER (retrograde transport) is instead mediated by COPI (coat 
protein I) coated vesicles.  
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Once the vesicle has been separated from the original organelle, it 
is transported on the cytoskeleton and once it recognizes its 
target membrane, it releases its coat proteins (Hwang and 
Robinson 2009) and eventually fuses with the target through the 
formation of the SNARE (soluble N-ethylmaleimide-sensitive 
factor protein attachment protein receptor) complex. The SNAREs 
present at the vesicle membrane (v-SNAREs) specifically interact 
with the SNARE present at the target membrane (t-SNARE); the 
formation of this complex drives the fusion between the two 
membranes (Grefen and Blatt 2008). The docking and fusion of 
the vesicles with the target membrane is regulated by Rab 
GTPases, which are part of the Small GTPase family (Woollard and 
Moore 2008).  Rab GTPases cycle between active GTP- and 
inactive GDP-bound state. This cycle is accomplished thanks to 
guanine exchange factors (GEFs) which convert the GTPases into 
their active state and the GTPase-activating proteins (GAPs) which 
stimulate the GTPase activity and GTP hydrolysis. The active GTP-
bound form is attached to the membrane through two 20 prenyl 
groups. After GTP hydrolysis and inactivation, Rab proteins are 
removed from the membrane by RabGDI (GDP-displacement 
inhibitor) which masks the prenyl groups and retains the Rab 
proteins in the cytosol. To return into the membrane, Rab protein 
must be recruited by RabGDI-displacement factor, which allows 
GTP-bound conversion by GEFs. GTP-bound Rab proteins offer 
interaction surfaces for tethering factors, enzymes of 
phosphatidyl-inositol metabolism, myosins, kinesins and 
regulators of SNARE protein assembly. (Woollard and Moore, 
2008)  
The components of these machineries were originally identified in 
animal and yeast cells (Rothman 1996) and were identified in 
plants by homology (Robinson et al. 2007) however the existence 
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of such machinery in plant is matter of debate (Robinson et al. 
2015).  
In plants, the formation of COPI vesicles has been confirmed in 
vivo (Pimpl et al. 2000), in cryofixed immunolabelled samples 
(Donohoe et al. 2007)  and fluorescent proteins technique 
combined with live cell imaging (Stefano et al. 2006). Fluorescent 
COPII proteins localize on the secretory unit components such as 
Golgi bodies (Hanton et al. 2009) or the interface between the cis-
side of the Golgi and ER exit sites (Langhans et al. 2009). Although 
it is accepted that the COPII machinery contributes to ER-to-Golgi 
transport in plants (Foresti and Denecke 2008), the existence of 
COPII vesicle is still hypothetical. COPII coated vesicles have never 
been isolated and only in a few publications, using high pressure 
freezing fixation technique and electron tomography, is their 
presence reported (Kang and Staehelin 2008, Robinson et al. 
2007). 
Studies with Brefeldin A (BFA) gave additional information about 
the anterograde transport. BFA treatment stop the secretion of 
proteins from the ER to the Golgi apparatus by inhibiting with 
Arf1 (ADP-ribosylation factor 1), a small GTPase localised on Golgi 
apparatus that assists the assembly of COPI (Donaldson et al. 
1992, Klausner et al. 1992). Golgi resident proteins redistribute to 
the ER and this results into the re-absorption of the Golgi into ER; 
upon BFA washout, the Golgi system reforms as Golgi proteins are 
exported from the ER (Ward et al. 2001). 
The absorption of the Golgi bodies into the ER, upon BFA 
treatment, and the reformation of such organelles, following the 
BFA washout, does not depend on actin-cytoskeleton (Saint-Jore 
et al. 2002).  Additionally, after BFA washout, it was expected to 
detect numerous COPII vesicles sustaining the Golgi re-
constitution, however no COPII proteins are detected on pre-Golgi 
tubular-vesicular cluster (Langhans et al. 2007). This evidence 
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together with imaging techniques suggested that an alternative 
mechanism to the retrograde transport could exist. In Brandizzi et 
al. (2002) tubular direct connections between the ER and the cis-
side of the Golgi are observed in electron micrographs of cells 
stained with zinc iodide and osmium tetroxide, which selectively 
stain the ER and Golgi. 
Optical trapping and in vivo imaging allowed trapping of 
individual Golgi bodies and they were pulled across the cytosol. As 
a consequence, growth of attached ER tubules following Golgi 
body movements was observed. However, there was an apparent 
small ‘gap’ of fluorescence between the ER tubule and the Golgi 
body; this could either represent the exclusion of the ER soluble 
marker from the ERES or indicate that the Golgi is separated from 
the ER and tethered through protein bridges rather than 
membrane continuity (Sparkes et al. 2009b)(Figure 1). 
An alternative model postulates the existence of transient tubular 
connections between the ER and the Golgi stacks, subjected to 
regulation by the COPII machinery (Hanton et al. 2009).  
As the Golgi apparatus is a multi-cisternal and polarized structure, 
it needs to be held together in a correct structural order while 
moving. The protein family of golgins have been suggested to hold 
together the scaffold of cisternae and act as tethers, directing the 
vesicles to their destination. Components of the Golgin family 
share the localization in different parts Golgi apparatus (cis- and 
trans-face and cisternal rims) and they all share a common 
structure: a C-terminal domain anchored to the Golgi apparatus 
via transmembrane domain or binding of small GTPases, and at 
the N-terminal the presence of a long coiled-coil domains which 
wrap around each other as a rod-like structure protruding from 
Golgi stacks (Munro 2011). The N-terminal domain can interact 
with other Golgins, with components of the Rab family and also 
SNAREs (Burkhard et al. 2001, Short et al. 2005, Sztul and 
 Chapter 1 – Introduction 
20 
 
Lupashin 2006). The model of “tentacular” Golgi body is proposed, 
where coiled coil domains of golgins stretch out the Golgi 
apparatus and capture Rab proteins associate to vesicles and 
guide them to the correct destination in the stack (Sinka et al. 
2008).  
In plants, golgins were identified via homology to the animal 
counterparts and according to their position in the Golgi stacks, 
and it is suggested they have different roles: golgins present at the 
trans-side might guide the protein cargo towards the next 
intracellular destination, whereas golgins localized on the cis-face 
might be involved in the Golgi biogenesis and maintain the close 
association between the ER and Golgi bodies (Osterrieder 2012).  
 
1.2 The cytoskeleton 
 
Eukaryotes share a conserved filamentous three-dimensional 
structure that spans across the cytoplasm and is called the 
cytoskeleton. The cytoskeleton frame is made up of three types of 
protein filaments: actin filaments, intermediate filaments and 
microtubule (Chang and Goldman 2004).  
The cytoskeleton has three main functions: it provides structure, 
spatially organizes the contents of the cell and transmits stress 
signals (Fletcher and Mullins 2010). It also provides the lines of 
transport for intracellular trafficking. In plants both actin and 
microtubules are involved in cell compartmentalization, vesicle 
transport and organelle movement (de Forges et al. 2011).  While 
the role of actin filaments in Golgi body dynamics is clear 
(Akkerman et al. 2011, Boevink et al. 1998), not much is known 
about the function of microtubules in plant membrane trafficking 
(Brandizzi and Wasteneys 2013). 
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1.2.1 The actomyosin system in plant and 
animal cells 
 
Actin filaments (filamentous F-actin) are polymers of globular 
actin monomers (globular G actin). Each actin monomer is rotated 
167° to the adjacent one to form a tight helix of 7 nm in diameter 
(Dominguez and Holmes 2011). Actin filaments are polar 
polymers with a fast-growing plus end, termed the “barbed end”, 
and a slow-growing minus end. The definition barbed end comes 
from the observation of early EM micrographs of synthetic myosin 
filaments:  myosins heads bind the filament laterally, to a tilted 
angle off the filament axis and the rod domain protrude outwards 
creating an indented growing end (Koretz 1979). 
Actin filaments can occur either isolated or cross-linked into a 
very dynamic higher order structure. The actin cytoskeleton is 
continuously rearranging and its dynamics have been described 
according to a stochastic model: filaments rapidly elongate at the 
barbed end, change shape, slide one along the other to bundle and 
finally break down (Staiger et al. 2009).  Actin filaments provide 
arrays on which the motor proteins myosins slide. The principles 
of myosin biochemistry and functional domains are conserved 
across eukaryotes; they are ATPases that use the energy released 
from the hydrolysis of ATPs to power the movement of cargo on 
actin filaments. Their movement is unidirectional either towards 
the plus end or minus end. A myosin molecule is generally 
organized in structural and functional domains: N-terminal motor 
domain with ATP-hydrolysis and actin-binding sites, a neck 
domain which contains IQ motifs and is responsible for binding 
calmodulin, and a C-terminal tail region (also referred as globular 
domain) defining the function and with class-specific properties 
(Foth et al. 2006, Li and Nebenführ 2008).  
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Phylogenetic analysis of the motor domain, divides myosins into 
15 distinct classes. No class of myosin is present across the 
eukaryotes; animal cells contains at least one component of the 
group II and multiple members of group I (Sellers 2000) and some 
groups of myosins are specific for plants such as VIII, XI and XIII 
(Reddy 2001). The group XIII is found only in the green alga 
Acetabularia cliftonii and includes only two members myo1 and 
myo2 (Vugrek et al. 2003). The combination of actin filaments and 
myosin is referred as the actomyosin system (Betapudi 2014). The 
actomyosin system carries out different functions in animal and 
plant cells. In animal cells, actin filaments are involved in 
numerous processes such as the interaction between signalling 
receptors and protein partners (Mattila et al. 2016) and triggering 
the cell migration and shaping (Sackmann 2015). Unlike animal 
cells, plant cells are unable to migrate and are caged into a rigid 
cell wall; the actin and myosin system sustains the rapid bulk flow 
of the cytoplasm (cytoplasmic streaming) (Tominaga and Ito 
2015) and intracellular transport cell components (Shimmen and 
Yokota 2004).  
 
The actin-cytoskeleton in non-muscle animal cells mediates the 
cellular mechanics such as cell shaping, polarity and motility. This 
is achieved through the assembly/disassembly of the actin-
cytoskeleton and the sliding of actin filament (Sens and Plastino 
2015). The assembly and disassembly of actin cytoskeleton occurs 
in proximity of the cell membrane. The cell membrane contains 
assembly factors which work as sensors and transmit signals 
(Sens and Plastino 2015). 
The sliding of actin filaments is mediated by the motor proteins 
myosins; myosins belonging to class II are expressed in all animal 
cells and were used as model for actin motor proteins being the 
first to be characterized (Sellers 2000). Myosins II form homo-
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dimers and interact with the actin filaments through the head 
domain, which hydrolyses ATP; the hydrolysis of ATP molecules 
regulates the association/dissociation from the actin filaments 
and powers unidirectional walk. Myosins II also associate with 
each other through the tail domain and this allows a sliding of the 
actin filaments towards opposite directions that overall results in 
a contraction effect (Beach and Hammer 2015). Moreover, 
myosins of class two exist as complexes formed by myosin II 
heavy chain dimers which are not-covalently associated to four 
other light chain polypeptides and the activity of the complex is 
regulated by phosphorylation. Mutations or co-expression of 
myosins II showed that they are essential to survival and to 
maintain normal growth, development, and disease resistance 
(Betapudi 2014).  
Mammalian and yeast class V myosins have domain architecture 
similar to plant myosins of class XI and are required for 
organelle/vesicle movement as well. The mechanical and 
enzymatic activity of the animal homologs is regulated by 
conformational changes: myosin V is active when unfolded, and it 
is inhibited when the head domain folds and interacts with the tail 
domain (Sellers and Knight 2007). The residues involved in the 
head-tail interactions are conserved in the plant XIK and essential 
for its activity. It is not excluded that plant homologs might 
undergo conformational changes and regulation (Avisar et al. 
2011).  Studies of myosin V functions demonstrate that it is 
involved in the intracellular distribution of melanosome, 
endosome recycling, secretory vesicles and mRNA (Desnos et al. 
2007). 
  
In the plant cortical array, the F-actin can be divided into two 
populations: individual thin actin filaments, which are highly 
dynamic, and actin cables, which are larger and stiffer. Individual 
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actin filaments are not ordered and have a short life-time: they 
appear, elongate and disappear very rapidly. Larger actin cables 
are arranged in longitudinal bundles or cables and are less 
dynamic than the single filaments (Henty-Ridilla et al. 2013). The 
actin bundles are formed according to a “catch and zipper” 
mechanism, a process mediated by four families of actin-binding 
proteins fimbrins, formins, LIMs and villins (Blanchoin et al. 
2010). 
The actin-cytoskeleton interacts with all the compartments of the 
endomembrane system and plants have developed a set of specific 
proteins acting at the interface between cytoskeleton and 
membranes; among cytoskeleton-endomembrane mediators 
(Introduction 2.3) there are the actin motor protein myosins 
(Wang and Hussey 2015). The Arabidopsis genome contains 17 
genes encoding myosins, which are classified into two 
subfamilies: class VIII and XI (Lee and Liu 2004). Some roles of 
myosin are specific in plants; they are involved in triggering the 
motility of Golgi bodies, peroxisomes and mitochondria in non-
dividing tobacco leaves, pollen tubes and Arabidopsis roots hair 
(Avisar et al. 2008, Madison et al. 2015, Prokhnevsky et al. 2008), 
regulating movement and remodelling of the endoplasmic 
reticulum (Griffing et al. 2014, Sparkes et al. 2009), organizing the 
actin cytoskeleton (Staiger et al. 2009, Ueda et al. 2010), cell and 
plant growth (Peremyslov et al. 2010, Sparkes 2011a), 
intracellular movement of plant viruses in host cells (Amari et al. 
2014, Harries et al. 2009), regulating the nuclear shape and 
movement (Tamura et al.. 2013). 
Phylogenetic analysis indicates class VIII and XI diverged prior to 
the division of green algae from land plants from a common 
ancestor (Avisar et al. 2008). In Arabidopsis class VIII comprises 
proteins four proteins (ATM1, ATM2, myosin VIIIA, and myosin 
VIIIB) and are poorly characterized in plants. Myosin ATM1 is 
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more similar to VIIIA, while myosin ATM2 is related to VIIIB both 
in sequence and expression pattern (Golomb et al. 2008). 
Enzymatic analysis of ATM1 myosin show that it has a low sliding 
velocity, low ATPase activity and high affinity for actin. Their 
localization is reported on plasmodesmata, plastids, newly formed 
cell walls, and mainly in the cell cortex throughout the life cycle of 
the plant. Truncated versions of ATM1 localize to the plasma 
membrane (Avisar et al. 2009) and ER in N. benthamiana leaves, 
and in Arabidopsis roots the localization changes in different root 
cells (Golomb et al. 2008). ATM2 and VIIIB are highly expressed in 
Arabidopsis pollen and truncated proteins localized to the 
nucleolus and/or plasma membrane (Avisar et al. 2009). 
The effect of the myosin VIII on Golgi body movement was 
evaluated in Avisar et al. (2009); truncated mutants of ATM1 and 
ATM2 reduce the motility of Golgi bodies in N.tabacum and N. 
bethamiana respectively, to a lesser extent compared to myosins 
of class XI. 
The members of the class XI are 13 (XI-A, -B, -C, -D, -E, -F, -G, -H, -I, 
-J, and -K, MYA1, and MYA2) and move exclusively towards the 
barbed end of actin filaments. The molecular morphology analysis 
revealed that XI myosins have a coiled-coil domain, localized 
between the neck region and tail, for dimerization; the interaction 
between coiled-coil domains is stabilized by the organelle 
targeting (Li and Nebenführ 2008). Phylogenetic analysis of 
myosin XI members revealed that duplication events and 
functional specialization occurred during the evolution of this 
gene family resulting in pairs of myosin paralogs; this is 
supported by single and double gene knock-out experiments 
where single mutants lack a phenotype while double knock-out of 
XIK (involved in organelle motility) and XI2 (required for root 
development) show redundant and additive roles in the transport 
of intracellular organelles (Peremyslov et al. 2008, Peremyslov et 
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al. 2011, Prokhnevsky et al. 2008).  This might indicate that that 
the organelle trafficking is coordinated with other processes. 
In Sparkes et al. (2008) and Avisar et al. (2009) a non-functional 
version of A. thaliana XIK was created by truncating the motor 
domain and fusing it to fluorescent markers. Both works reported 
that the transient expression in tobacco of the truncated XIK gives 
a weak cytoplasmic signal and occasionally motile punctae, which 
do not co-localize with Golgi bodies. The non-functional XIK 
inhibits the movement of Golgi bodies and mitochondria; other 
myosins (XIE, XIC, XII,MYA1) also reduce the motility of these two 
organelles indicating that they might have redundant functions or 
work together to power the movement. Moreover, arabidopsis T-
DNA insertion lines of myosin XIK have reduced cytoskeleton 
dynamics. Despite the fact that the control and mutated lines have 
similar arrangement of the actin-cytoskeleton, the lack of 
functional XIK reduced the lateral displacement of the actin 
filaments. The complementation of the mutant line with YFP-XIK 
showed that this myosin accumulates at the tip of growing root 
hair and that its localization is dependent on the actin-
cytoskeleton; when the cells were treated with latrunculin B, YFP-
XIK appeared in large aggregates dispersed in the cytosol (Park 
and Nebenführ 2013).  
 
1.2.2 Microtubules and kinesins in plant and animal 
cells 
 
The structure of microtubules is conserved across eukaryotes: 
they are hollow cables of 25 nm diameter consisting of 13 
protofilaments. The protofilaments are composed of heterodimers 
of α-tubulin monomers and β-tubulin monomers of 55 KDa (Ohta 
et al. 1987) that join together laterally and longitudinally to each 
other to form cylindrical polar cables (Ledbetter and Porter 
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1964). Beta subunit are exposed to the plus, or growing end, while 
alpha subunit the minus end (Nogales et al. 1999). A third type of 
microtubule subunit, -tubulin, is associated to microtubule 
organizing centers (MTOC) in animal and most algal cells; in 
plants, -tubulin is associated with microtubule nucleation sites 
and is involved in the assembly of new filaments from existing 
microtubules (Kollman et al. 2011, Schmit 2002). 
Microtubules have an intrinsic structural polarity: the rapidly 
growing plus ends extend out into the cytoplasm and the minus 
end loses subunits if not stabilized. An individual microtubule 
goes through cycles of growth and shortening at the plus end, a 
behaviour known as “dynamic instability” (Desai and Mitchison 
1997, Mimori-Kiyosue 2011). Microtubule organization 
undergoes a continuous rearrangement: repeated collapse and 
reassembly determines the formation of new patterns in the cell 
(Vassileva et al. 2005). The network reorganization is triggered by 
external stimuli, which activate the tubulin/microtubule 
modulators such as MAPs (Microtubule Associated 
Proteins)(Mimori-Kiyosue 2011).   
 
The movement of cargo on microtubules is mediated by ATP-
dependent motor proteins. In eukaryotic cells two conserved 
motor protein superfamilies have been identified: the kinesin 
superfamily (KIFs) and dynein. The first drives a plus-end 
directed movement, while the second determines the movement 
towards the minus-end (Horgan and McCaffrey 2011). Kinesins 
have a motor domain hydrolizing ATP and binding microtubules, 
followed by a short α-helical domain of 50 amino acids called the 
neck and C-terminal end binding adaptors, which interact with 
specific cargos. The position of the motor domain can vary, and 
according to this kinesins are classified in N-type (motor domain 
at the N-terminus), M-type (internal motor domain) and C-type 
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(motor domain present at the C-terminus). N-type and M-type 
kinesins move towards the plus end of microtubules, while C-type 
towards the minus end (Seog et al. 2004). The widely accepted 
classification and nomenclature is based on phylogenetic analysis, 
which group them into 14 families (kinesin-1 to kinesin-14) 
(Lawrence et al. 2004). Microtubule motor proteins can form 
dimers through the neck domain or work as monomers (Seog et 
al. 2004) and, across eukaryotes, they are involved in different 
processes such as transport of vesicles and organelles, spindle 
formation and elongation, chromosome segregation, microtubule 
dynamics and morphogenesis (Reddy and Day 2001). 
Other than microtubule motor functions, kinesins can also have 
microtubule depolymerizing activity like kinesins of the group 13, 
which remove tubulin subunits from the plus end of microtubules 
(Walczak et al. 2013) 
Dyneins are required for intraflagellar transport, organisation of 
the Golgi apparatus and spindle poles, are also involved in moving 
nuclei, vesicles, pigment granules, and chromosomes (King 2000). 
The analysis of eukaryote genomes revealed that land plants lost 
dynein before the divergence land plant and algae; plants 
compensated the loss of dynein developing the functionally 
homologous minus-end kinesins (Wickstead and Gull 2007). 
 
In non-dividing plant cells, the microtubule array spreads in a 
two-dimensional plane at the cell cortex, under and parallel to the 
plasma membrane and they lack microtubule organizing centres 
(Hashimoto 2015). The filaments originate from scattered 
nucleation sites, are dispersed and get self-organised at the cell 
cortex and successively form bundles via polymer treadmilling 
(Kollman et al. 2011, Murata and Hasebe 2007).  Microtubules 
contribute to cellular organization in that they play a major role in 
vesicle targeting, organelle positioning and shaping (Collings and 
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Nick 2008), and plus-end orientation of cellulose fibrils (Lloyd 
2011). Microtubules align perpendicular to the axis of cell 
expansion and direct the insertion of cellulose microfibrils in an 
ordered manner. The insertion of the cellulose is coordinated to 
the regulation of Golgi body positioning; Golgi bodies, carrying the 
assembled and inactive CESA complex (Cellulose Synthase 
Complex), pause on cortical microtubules allowing CesA to insert 
into the plasma membrane where they become active and 
synthetize cellulose microfibrils (Crowell et al. 2009). Cellulose 
microfibrils provide the major mechanical resistance to the cell 
and constrain radial expansion (Hashimoto 2015). As the cell 
expansion terminates, irrespective of why, the microtubules lose 
their aligned disposition and this process seems to be regulated 
by a signalling cascade initiated by the cell wall (Panteris et al. 
2013). Microtubules may also be involved in the transport or 
positioning of other plant compartments such as mitochondria, 
chloroplast and endoplasmic reticulum (Cai and Cresti 2012). 
In tobacco cells, the movement of mitochondria depends on actin 
filaments and the depolymerisation of microtubules affects the 
positioning of mitochondria in parallel arrays, suggesting that 
microtubules regulate the positioning of mitochondria (Van Gestel 
et al. 2002). In vitro studies demonstrated that mitochondria 
isolated from tobacco pollen tubes could move on microtubules 
but at a slower speed compared to the movement on actin 
filaments, supporting the hypothesis that microtubules might 
have a role in the regulation of short-range transport (Romagnoli 
et al. 2003).  The kinesin AtKP1 (kinesin-like protein 1) is tightly 
associated to mitochondria via its C-terminal tail domain and its 
interaction with microtubules is regulated by the mitochondria 
outer membrane voltage-dependent anionic channel VDAC3, that 
is involved in the respiratory activity of the organelle. The 
interaction between these two proteins would coordinate the 
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positioning of the mitochondria on microtubules and the 
respiration process in a specific position at low temperature 
(Yang et al. 2011) 
The movement of chloroplasts is directed by light intensity: 
chloroplasts accumulate in the area of the cells exposed to low 
light, and are scattered from the area exposed to high intensity of 
light (Kong and Wada 2014). This mechanism defined as 
photorelocation is dependent mainly on actin filaments, but 
microtubules may be involved. In moss, when microtubules are 
disrupted, short distance movement of chloroplasts is inhibited 
and the parallel orientation to the cell axis is disturbed (Sato et al. 
2001). 
During the progression of the cell cycle, microtubules change their 
disposition and organization. At prophase, microtubules cluster 
and form a spindle at the cell cortex, while the nuclear envelope 
starts to disintegrate, and in the metaphase the microtubules 
direct the alignment of chromosomes along the equatorial plane of 
the cell. In anaphase, the newly formed daughter chromosomes 
are pulled in opposite directions and the phragmoplast starts to 
form. Golgi-derived vesicles are transported along microtubules to 
the phragmoplast, where they deposit their enclosed cell wall 
contents and build the cell plate until the cytokinesis is complete. 
In the two daughter cells, microtubules start to reform under the 
plasma membrane and disperse in the cytoplasm (Hashimoto 
2015). The involvement of microtubules in long distance 
transport is also documented in non-dividing cells. In Arabidopsis 
leaf cells, the kinesin FRA-1 belongs to the subfamily 4 (Lee and 
Liu 2004). It mediates the plus-end transport of Golgi derived 
vesicles to the plasma membrane and the export of matrix 
polysaccharides, but does not affect the motility of CESA complex. 
Knockout mutants of FRA-1 show that Golgi bodies have less 
cisternae surrounded by enlarged vesicles, and drastic reduction 
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of the cell wall thickening indicating a defect in post-Golgi 
trafficking and secretion (Zhu et al. 2015).  
In Arabidopsis 61 kinesins have been identified (Lee and Liu 
2004) and this model plant contains the largest known number of 
kinesins among eukaryotes. Some Arabidopsis kinesins do not fall 
into any of the 14 defined groups and are unique to plants (Reddy 
and Day 2001). The high number of kinesins in plants can be in 
part correlated to processes that are specific in plant cells such as 
the lack of microtubule organizational centre, the transport of 
cargo through plasmodesmata, the formation of phragmoplast 
during the cell division (Reddy and Day 2001). 
 
In non-dividing animal cells the microtubule minus end is 
stabilised by an organizing structure, from which the 
microtubules grow, referred to as microtubule organising centre 
(MTOC) and located adjacent to the nucleus. Microtubules also 
nucleate from the Golgi apparatus and Golgi-derived microtubules 
are involved in post-Golgi trafficking, maintenance of Golgi 
architecture, cell polarity and motility (Sanders and Kaverina 
2015). The centrosomal protein Cep192 regulates the balance 
between microtubule nucleation at centrosome and Golgi 
apparatus (O’Rourke et al. 2014). Microtubules radiate from these 
organising centres into the cytoplasm (Erhardt et al. 2002) and 
drive the intracellular trafficking and cell motility (Olmsted and 
Borisy 1973). During cell division, microtubules play a 
fundamental role in aligning the chromosomes at the equatorial 
plane of the cell and subsequently pulling them towards the 
opposite spindle poles (Pavin and Tolić 2016). Additionally, just 
before the abscission, the two daughter cells are connected 
through a thin cytoplasmic bridge filled with microtubules that 
direct the movement of vesicles carrying protein essential for the 
cell separation (Neto et al. 2011). 
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Kinesins have three major functions: organize the chromosomal 
and mitotic spindle movement, direct the various cargo, such as 
lysosomes, vesicles, endosomes along microtubules (Hirokawa 
and Noda 2008, Seog et al. 2004) and control microtubule 
dynamics via depolymerisation (Vicente and Wordeman 2015). In 
animal cells, the Golgi apparatus is positioned in close proximity 
to the nucleus and is a stationary organelle. Kinesins play a role in 
directing the perinuclear positioning of Golgi apparatus and 
maintaining its architecture; the overexpression of Rabkinesin-6 
(Kinesin-6 bound to GDP bound form of Rab-6) induces the loss of 
the perinuclear position of Golgi apparatus and its dispersion in 
the cytoplasm (Wei and Seemann 2010). A similar observation is 
made when the gene coding for C-motor kinesin KIFC3 and 
cytoplasmic dynein are suppressed, demonstrating also that these 
two motor proteins have a complementary role (Wei and 
Seemann 2010).  
In the animal kingdom, kinesins belonging to the group 13 share a 
high sequence similarity in the motor domain, and remove tubulin 
subunits from the plus end similarly to plant kinesin-13, but also 
have additional functions such as mitotic spindle assembly and 
the attachment of the microtubules to kinetochores in mitosis 
(Ems-McClung and Walczak 2010, Lu et al. 2005). Animal kinesin-
13 is not located on the Golgi apparatus and is involved in the 
mitotic spindle formation; kinesin-13 members are also present in 
the flagellum of eukaryotes and regulates the length of this 
structure (Vicente and Wordeman 2015) 
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1.3 Cytoskeleton, motor proteins and 
endomembrane system 
 
 
1.3.1 Endoplasmic reticulum dynamics 
 
Various lines of evidence demonstrate that the endoplasmic 
reticulum (ER) is structurally and functionally connected to the 
cytoskeleton in the plant kingdom (Brandizzi and Wasteneys 
2013a). 
A first study demonstrating the correlation between ER 
organization and actin-cytoskeleton was performed in epidermal 
cells of onion. Cold treatment causes the disappearance of ER 
cisternae and reorganization in short tubules. When the sample is 
transferred to room-temperature, the ER re-forms and this 
process is dependent on the actin-cytoskeleton but not cortical 
microtubules (Quader et al. 1989). 
The labelling of actin filaments and endoplasmic reticulum in 
tobacco epidermal cells showed that the organization of the ER 
matches that of the actin filaments suggesting that the actin-
cytoskeleton can provide the template for the endoplasmic 
reticulum organization (Boevink et al. 1998). 
Actin- motor proteins also participate in connecting the ER to the 
actin cytoskeleton. A study regarding the morphological 
organization of the ER, in which truncated version of myosins XI 
were used, demonstrated that remodelling of the ER is dependent 
on actomyosin system and that more persistent tubules are 
present (Sparkes et al. 2009b). Lack of myosin XIK results in a 
reduction of the ER streaming, changes the ER structure and 
induces a prevalence of ER sheets, and actin filaments lose their 
organization (Ueda et al. 2010). Fluorescent versions of myosin 
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XIK localize on motile endomembrane vesicles that partially 
correspond to Golgi, trans Golgi, secretory vesicles and ER 
microsomal fractions indicating that this myosin is broadly 
associated with the endomembrane system (Peremyslov et al. 
2012).  A member of vesicle associate proteins family (VAP27) 
localizes to the ER network as well as ER anchor sites to the 
plasma membrane, which are also associated with microtubules 
and the actin binding protein NET3 suggesting that the ER and 
cytoskeleton might be connected through a proteic linker at the 
plasma membrane (Wang et al. 2014). 
Microtubules may also participate in the remodelling of the ER. In 
Hamada et al. (2014) it was suggested that endoplasmic reticulum 
elongates along microtubules and the force may be generated by 
protein dependent-sliding mechanism but the evidence for this is 
weak. 
 
1.3.2 Golgi apparatus dynamics 
 
The directional and fast movement of the Golgi body depends on 
the actin-cytoskeleton and the depolymerisation of actin arrays 
stop the movement of Golgi bodies (Boevink et al. 1998, 
Akkerman et al. 2011). 
Evidence shows that myosins have a role in Golgi body motility. 
Two myosins, XIK and XIE, are mainly involved in Golgi body 
movement and over expression of mutants stops the streaming of 
this organelle (Avisar et al. 2009). The predicted expression of 
myosins in Arabidopsis revealed that XIE is expressed exclusively 
in pollen while XIK is ubiquitously expressed in vegetative organs 
(Sparkes 2011a).   As mentioned before, the myosin XI gene family 
gene underwent to duplication events so the functional 
redundancy of XIK was also investigated. RNA-silencing 
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demonstrated that XIK has a major role in the movement of Golgi 
bodies, peroxisomes and mitochondria in tobacco leaf cells and 
that XI2 and XI1 contribute to a lesser extent (Avisar et al. 2011). 
Despite the quantity of evidence demonstrating that myosins are 
involved as motors in the endomembrane system, some aspects of 
the mechanism of action are not clear yet. For instance, it is 
unknown if myosins directly interact with the cargo organelles or 
adaptor proteins (Buchnik et al. 2015). The fact that the 
expression XIK tail domain inhibits the movement of Golgi bodies 
and that such myosin mutant does not co-localize with either actin 
filament or Golgi bodies markers (Avisar at al 2011) and the 
evidence that myosin XIK can mediate the movement of the actin 
filaments (Reddy 2001) lead us to hypothesises that either myosin 
XIK works as bridge between Golgi bodies and the actin 
cytoskeleton or it bridges between actin filaments, and its 
ATPases activity powers the sliding of actin filaments one on top 
of the other thus a linker between Golgi bodies and actin would be 
necessary (Figure 2). 
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Figure 2. Models of the Golgi body movement regulation by 
cytoskeleton motor proteins. 
The most accepted model is shown in panel A. Actin filaments are 
connected by actin binding proteins such as fimbrins, formins, LIM and 
vilins (Blanchoin et al. 2010) and they act as track on which myosin 
slide and power the movement of their cargo, such as Golgi bodies. 
When the organele comes to the proximity of a microtubule, kinesins 
would mediate the interaction. 
A second possibility is that myosins mediate sliding of actin filaments one on 
top of the other. Golgi bodies are anchored to the filaments via a linker and 
would be drag along as the filaments are sliding. When Golgi bodies encounter 
microtubules, microtubule motor proteins would interact with the 
microtubules to pause the movement. 
 
Unlike when actin filaments are disrupted, the depolymerisation 
of microtubules does not stop the movement of Golgi bodies 
(Brandizzi et al. 2002, Crowel et al. 2009, Nebenführ et al. 1999). 
Microtubule alignment is correlated with celulose microfibril 
deposition in the cel wal; the work by Crowel et al. (2009) 
demonstrated that in Arabidopsis the insertion of the celulose 
synthase complex (CSC) in the plasma membrane aligns with 
microtubules and is concomitant with Golgi pausing on 
microtubules. In another work by Hamada et al. (2012) it was 
hypothesized that microtubules are not required for pausing; 
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instead microtubules would facilitate the interaction with the 
underlying ER.  
Microtubule motor proteins may be involved in mediating the 
interaction between microtubules and Golgi bodies. Among the 
Arabidopsis microtubule motor proteins, kinesin-13a is the only 
one has been shown to localize on Golgi bodies in Arabidopsis 
cells by immunocytochemistry techniques (Lu et al. 2005). 
Mammalian Kinesin 13a is has an internal motor domain and it is 
not able to move along microtubules; mammalian kinesin 13a 
does have a depolymerizing activity and its motor domain has a 
high sequence similarity to the animal counterpart (Fujikura et al. 
2014, Oda and Fukuda 2013). The analysis of the sequence 
flanking the motor domain demonstrates that the rest of the 
protein differs from the homolog in animals and it is lacking the 
functional motif that is essential for the depolymerizing activity of 
the animal homologue (Lu et al. 2005).  
Knock-out mutants of Kinesin-13a shows a different morphology 
of Golgi stacks in root-cap peripheral cells (Wei et al. 2009), four 
branched trichomes and aggregation of Golgi bodies (Lu et al. 
2005) and smaller secondary cell wall pits (Oda and Fokuda 
2013). The overexpression of kinesin-13a results in the disruption 
of cortical microtubules in root epidermal cells and the formation 
of large secondary cell wall pits in root metaxylem vessel (Oda 
and Fokuda 2013). The depolymerizing activity of kinesin-13a is 
regulated by the interaction with MDD1 (Microtubule depletion 
domain 1). Mutants of kinesin-13a lacking the motor domain but 
maintaining the coiled-coil domain localize to the cytoplasm, and 
upon the co-expression of MDD1, are re-located to the cortical 
microtubules, indicating that MDD1 is essential for the 
localization on microtubules. Additionally microtubules remain 
intact, confirming the depolymerizing activity of the motor 
domain (Oda and Fokuda 2013). Another microtubule motor 
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protein associated with the Golgi bodies is AtPAKRP2, a member 
of kinesin-10 subfamily. This is a phragmoplast associated kinesin 
and is involved in transporting Golgi associated vesicles towards 
the plus end of phragoplast microtubules to assemble the cell 
plate (Lee et al. 2001). In addition to Golgi stacks and vesicles, 
kinesins interact with mitochondria and chloroplasts probably 
assisting their positioning (Cai and Cresti 2012). 
Proteins other than kinesin, are also involved in linking Golgi and 
microtubules. TGN/early endosome interact with microtubules 
through the protein tether CLASP (Ambrose and Wasteneys 
2008). Similarly, a class of matrix protein detected on Golgi 
bodies, and named Golgins, could mediate the interaction with 
microtubules (Osterrieder 2012). 
 
1.3.3 Actin and microtubule interactions 
 
For a long time, actin and microtubule networks have been 
viewed as separate and with different functions. Recent results 
demonstrate that instead these two components can cross-talk 
and a physical dynamic interaction exists both in animal and in 
plant cells (Akhshi et al. 2014, Petrasek and Schwarzerova 2009, 
Wang et al. 2014). 
Live imaging in Arabidopsis cells revealed that cortical 
microtubules and actin filaments transiently co-align. Treatment 
with the actin filament depolymerising compound latrunculin B 
showed that the different filament types were associated, and 
microtubule depolymerisation led to a partial loss of actin 
filament organization. A washout of the drug showed that the 
actin filament pattern recovered on microtubule arrays, indicating 
that microtubules could work as a scaffold for actin network 
formation (Sampathkumar et al. 2011). The actin binding protein 
NET3C interacts with VAP27, localised at the attachment sites of 
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the ER to PM and is found associated to the microtubules, to form 
a complex with actin and microtubules (Wang et al. 2014). 
The interaction and cross-talk between actin filaments and 
microtubules is also mediated by cross-linking proteins and 
cytoskeletal motor proteins. The formins are actin-organising 
proteins which are conserved across eukaryotes and can act as 
linking proteins between microtubule and actin arrays (Cvrčková 
2013). The plant formin FH4 is a transmembrane protein localized 
at the plasma membrane and in Arabidopsis binds directly to 
microtubules (Deeks et al. 2010). Recent evidence suggests that 
both actin filaments and microtubules are involved together in 
moving and positioning organelles, such as plastids and 
mitochondria. According to these results, in plants actin-F 
generates organelle motility and microtubules stabilize the 
position (Petrasek and Schwarzerova 2009).  In Arabidopsis, 
kinesins containing a calponin homology domain (KCHs) 
constitute a subgroup of Kinesin family; KCHs bind to both actin 
filaments and microtubules (Dixit 2012, Schneider and Persson 
2015). 
KCBP (kinesin-like calmodulin-binding protein), a class of kinesin 
unique to the plant kingdom, binds to both microtubules and actin 
filaments. It contains a C-terminal motor domain and a myosin tail 
homology region 4 (MyTH4) at the N-terminus, which interact 
with actin arrays (Tian et al. 2015). Additionally, two members of 
the kinesin family 14 contain a CH domain and participates in the 
movement of chloroplast on actin filaments (Frey et al. 2009). In 
dividing tobacco cells, myosin VIII is detected at ends of 
peripheral phragmoplast microtubules and it is proposed that 
myosin VIII coordinates the cytoskeletal components during the 
directional expansion of the phragmoplast (Wu and Bezanilla 
2014). 
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Several aspects of the myosin-kinesin cooperation are not clear 
yet.  Rab-GTPases could be involved in the simultaneous 
regulation of myosin and kinesin activity (Batoko et al. 2000, 
Horgan and McCaffrey 2011, Seabra and Coudrier 2004). The 
cytoskeletal motor proteins could either directly bind the surface 
of the organelle and Rabs modulate their activity or Rabs could 
recruit the motor proteins to the cargo (Cai and Cresti 2012). 
It has been proposed that kinesins are involved in short distance 
movement while myosins in long distance movement; 
microtubule motor proteins slow down and tune the fast 
movement powered by actin motor proteins guiding a fast and 
precise intracellular delivery of the cargo (Cai and Cresti 2012). 
 
1.3.4 In vivo labelling of the actin-
cytoskeleton 
 
The cytoskeleton is a continuously rearranging network and 
different labelling strategies have been developed to study its 
organization in plants.  
Phalloidin is a toxin extracted from the death cap fungus Amanita 
phalloides, which binds and stabilizes F-actin. Phalloidin 
conjugated to the fluorescent dye rhodamine selectively stains 
actin filaments in permeabilized and fixed plant cells. Phalloidin-
rhodamine staining is also effective in unfixed cells, but favours 
the formation of bundles (Sonobe and Shibaoka, 1989).  
In plants, fluorescent fusion proteins have been tested to label the 
cytoskeleton. Expression of fluorescent G-actin monomers itself in 
Dictyostelium cells did not prove to be efficient because most of it 
remained in monomeric form diffused in the cytoplasm, resulting 
in a strong fluorescent cytoplasmic background (Lemieux et al. 
2013).  
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Actin binding proteins (ABPs) are involved in regulating the 
assembly of actin filaments and therefore are good marker 
candidates (Higaki et al. 2007). The actin binding domains of 
different ABPs have been fused to fluorescent proteins and 
expressed in plants. Lifeact is a 17 amino acid peptide from the 
yeast protein Abp140 and decorates F-actin (Riedl et al. 2008). In 
A. thaliana, Lifeact fused to the fluorescent protein Venus reduced 
the rearrangement of the actin cytoskeleton in a concentration-
dependent manner (van der Honing et al. 2010). The mouse ABP 
mTalin can be used to image actin filaments, but has severe effects 
on the actin cytoskeleton and its depolymerisation (Ketelaar et al. 
2004). One of the two actin-binding domains of the A. thaliana 
fimbrin1 protein (AtFIM1) fused to GFP (GFP-fABD2) labels the 
fine actin dynamic scaffold in different species and cell types. 
Stable expression in A. thaliana did not show adverse effects on 
general morphology or development (Sheahan et al. 2004). 
All of the fluorescent reporters available so far depict differing 
organizations of the actin network. This may be due to a 
preferential binding to fine actin filaments rather than bundles, or 
because the marker is derived from an actin-bundling protein, 
therefore causing the aggregation of actin filaments. Considering 
that the actin-cytoskeleton is a continuously re-arranging scaffold 
that provides tracks for movement and positioning of diverse 
organelles such as Golgi bodies (Akkerman et al. 2011), a more 
reliable and less interfering fluorescent marker would be good for 
in vivo imaging. 
Nanobodies have been proven to be advantageous in detecting 
intracellular structures. They consist of the smallest functional 
domain of single heavy chain antibody isolated from alpaca blood 
serum (De Meyer et al. 2014). Because of their small size, 
solubility and stability it is possible to use them in heterologous 
systems. They also can be fused to fluorescent proteins to detect 
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and label cel structures in vivo (Olichon and Surrey, 2007). When 
the nanobody is conjugated to a fluorescent protein, it becomes a 
“chromobody”.  The  Actin-Chromobody® (ChromoTek, 
Martinsried, Germany) alows detection of dynamic changes in 
actin cytoskeleton (Rocchetti et al. 2014, Rothbauer et al. 2006) 
(Figure 3). 
 
 
 
Figure 3. Conventional antibody, alpaca antibody and nanobody. 
A conventional antibody (A) is composed of 2 heavy chains and 2 light 
chains, which recognize and bind the epitope (target). Alpaca produce 
antibody made of 2 heavy chains only and the functional domain resides 
on the heavy chains (B). A nanobody is the smalest functional fragment 
of the alpaca antibody (C). A nanobody fused to fluorescent protein 
takes the commercial name chromobody (D). 
 
This chromobody was previously used to transfect HeLa cels to 
show the recovery of the actin filaments after Cytochalasin D 
treatment (ChromoTek homepage), where it was shown that the 
nanobody binding does not influence cel viability or motility. The 
actin chromobody proved to be eficient in labeling and studying 
the dynamics of the actin cytoskeleton in living animal cels 
(Rothbauer et al. 2006) but until now it had never been used in 
living plant cels. To use the actin chromobody in plant, the 
sequence coding for the nanobody sequence was cloned in a 
vector suitable for the expression in plant and fused to a 
fluorescent reporter (Rocchetti et al. 2014). As actin monomers 
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have conserved sequence in eukaryotes and the structure of actin 
filaments is highly conserved (Dominguez and Holmes 2011) 
expression of the actin chromobody in plant living tissue was 
expected to decorate the actin cytoskeleton (See Chapter 4).   
 
This research focusses on exploring the relation between the 
actin/microtubule cytoskeleton and cortical Golgi bodies and how 
the cytoskeleton components regulate the movement of the 
organelles. The role of cytoskeletal motor proteins is also studied 
and a new model of actin-filaments dynamics is tested. 
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Aims 
The aims of this thesis are: 
 Quantify the contribution of microtubules and actin 
filaments to the regulation Golgi body dynamics (Chapter 
3). 
 
 Develop a new probe for the fluorescent in vivo labelling of 
the actin cytoskeleton that is not interfering with the actin 
organization and suitable for the study of organelles 
movement (Chapter 4). 
 
 Understand if there is a physical connection between Golgi 
bodies and the cytoskeleton (Chapter 5). 
 
 Test a new model of mechanism of actin/myosin/Golgi 
body interaction (Chapter 6). 
 
 Confirm in vivo the localization of only the microtubule 
motor protein associated with Golgi bodies (Chapter 7).
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2 Materials and methods 
 
 
2.1 Bacterial strains 
 
Bacterial cloning was done in Escherichia coli (E.coli) chemical 
competent high efficiency strain DHα (NEB). 
The chemical competent Agrobacterium tumefaciens (A. 
tumefaciens) strain GV3101, containing the gene for the resistance 
to Rifampicin and the Gentamycin resistant helper plasmid 
pMP90, was used for subcloning the plant expression vectors and 
transforming tobacco plants (Koncz and Schell 1986). 
 
2.2 Bacterial growth and media 
 
E.coli strains were grown in liquid LB medium (Lysogeny broth: 
10 g/L Bacto-trypton, 5 g/L yeast extract, 10 g/L NaCl in distilled 
water at pH 7.5 ± 1%) in shaking cultures over night at 220 rpm 
or as solid agar plates (LB 1% w/v agar) at 37°C for 24 hrs. 
A. tumefaciens were grown in YEB medium (5g/L tryptone, 1g/ 
yeast extract, 5g/l nutrient broth, 5 g/l sucrose, 0.49 g/l MgSO4 
7H20 in distilled water) as liquid culture shaken over night at 180 
rpm or on solid agar plates (YEB 1% w/v agar) for 48 hrs at 28°C. 
The antibiotic concentrations were used as Table 1. 
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Table 1: List of antibiotic concentrations used in bacterial media. 
Antibiotics Concentration (g/ml) 
Gentamycin 10  
Rifampicin 25  
Kanamycin 100  
Spectinomycin 50  
 
Glycerol stocks of E.coli and A. tumefaciens colonies were 
prepared mixing 800 l of cell culture with 200 l of autoclaved 
100% glycerol  for long term storage at -80°C. 
2.3 Bacterial transformation 
 
A 50 l or 25 l aliquot of chemical competent E. coli DHα was 
thawed on ice for 10 minutes, 1-5 l of plasmid DNA (50-100 ng) 
were added to the cells and left on ice for 30 minutes. Cells were 
heat shocked in a water bath at 42°C for 1 minute and straight 
after placed on ice for 5 minutes. Cells were then suspended in 
1000 l of LB medium and placed in a shaking incubator at 37°C 
for 1 hour. Cells were centrifuged at low speed for one minute, 
and 600 l of the supernatant were discarded. The cell pellet was 
re-suspended in the 400 l remaining by flicking the tube and the 
cell suspension spread on to two separate plates (200 l each). 
The plates were left to dry and allowed to grow over night in the 
incubator at 37°C. Isolated colonies were picked and the presence 
of the cloned construct was confirmed with colony PCR (See 
section 2.6.1). The positive colonies were grown over night in 
liquid culture and used to make a glycerol stock (800 l and 200 
l 100% autoclaved glycerol) and stored at -80°C. Plasmid DNA 
was isolated from the positive colonies (See section 2.6.3) and 
used to transform A. tumefaciens. 
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To transform A. tumefaciens, 1-5l of plasmidic DNA (50-100ng) 
were added to 25 l of the chemical competent strain GV3101 and 
kept on ice for 5 mins. After that, the cells were stored at -80 °C 
for 5 minutes and heat-shocked at 37 °C in a water bath for 5 
mins. Cells were then transferred in 1 ml of liquid YEB medium 
and placed in a 27 °C incubator shaking at 180 rpm for 2 hours. 
Aliquots of the cell suspension were plated on YEB agar medium 
containing selection antibiotics and allowed to grow for 2 days at 
28 °C. Colonies were randomly picked and inoculated in 5 ml of 
liquid YEB with selection antibiotics and infiltrated into N. tobacco 
plants to check for the expression (Sparkes et al. 2006). Positive 
colonies were used to make glycerol stocks for long-term storage. 
2.4 Plant transformation  
 
Nicotiana tabacum plants were grown in the greenhouse and 
moved to the incubator two days prior to infiltration and used 
when 4-8 weeks old. 
Tobacco leaves were infiltrated with transgenic A. tumefaciens 
bacteria containing the plasmid for transient transformation 
according to the protocol in Sparkes at al (2006). Five ml of 
agrobacterium in liquid selection medium were grown over night; 
1 ml was centrifuged for 5 minutes at 8000 rpm and the pellet 
suspended in 1 ml of infiltration buffer (50mM MES hydrate, 2 
mM sodium orthophosphate, 5% D-glucose, 0.1 M acetosyringone 
in distilled water). This step was repeated another time to wash 
the pellet and the pellet was re-suspended in 1 ml of infiltration 
buffer. The optical density (OD) of the cell suspension was 
measured with the nanodrop spectrophotometer 
(Thermoscientific, Basingstoke, UK) at a wavelength of 600 nm.  
The cell culture was then diluted in the infiltration buffer to the 
optimal infiltration OD as shown in Table 2. 
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Table 2: List of agrobacterium strains, infiltration and expression 
setting in N.tabacum. 
Agrobacterium  OD600 Expression days 
(After 
transformation) 
 
ST-GFP 0.05 2  (Boevink et al. 
1998) 
Lifeact-GFP 0.01 3 (Riedl et al. 2008) 
FABD2-GFP 0.03 3 (Voigt et al. 2005) 
Talin-GFP 0.03 3 (Kost et al. 1998) 
GFP-TUA 0.03 3 (K. Ueda et al. 1999) 
ST-GFP  
Lifeact-GFP 
0.05 
0.01 
3  
ST-GFP 
FABD2-GFP 
0.05 
0.01 
3  
ST-RFP 
GFP-TUA 
0.05 
0.03 
2  
GFP-actin-Cb 0.01 2 (Rocchetti et al. 
2014) 
YFP-actin-Cb 0.05 2 (Rocchetti et al. 
2014) 
RFP-XIK-tail 0.05 2 (Avisar et al. 2009) 
 
The agrobacterium suspension was gently injected into the 
tobacco leaf using a syringe without needle. The lower side of the 
leaf was lightly scratched with the tip of the syringe in order to 
facilitate the passage of the agrobacterium suspension into the 
leaf tissue and only the space between the main veins become 
infiltrated, avoiding the leaf margin and apex.  
For each experimental set, at least two plants were used, and after 
the infiltration event they were incubated in the growth chamber 
under controlled conditions for 2-3 days. The expression was 
checked using confocal microscopy (See section 2.7). 
 
2.5 Seed stocks, germination and 
growth conditions 
 
Wild type N. tabacum plants were used for agrobacterium-
mediated infiltration and transient expression. Plants were potted 
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on compost (Levington F2 Seed and Modular Compost Scotts 
Miracle-Gro, Ohio, USA) mixed with perlite for aeration, pre-
treated with 0.2 g/L Intercept 70WG (Everris, Ispwich. UK) and 
grown in the greenhouse with 16 hours of light and 8 hours dark. 
Plants 5-8 weeks old were infiltrated according to Sparkes at al. 
(2006) and observed after 2-3 days from the infiltration event. 
A.thaliana stably expressing ST-GFP line was made by Sant-Jore 
(2001). Arabidopsis seeds were placed in 1.5 ml Eppendorf tubes 
and 500 l of 80% v/v ethanol added. The seeds were then rinsed 
3 times in deionised and autoclaved water and left to dry on 
autoclaved Millipore filter paper in the flow hood. Sterile seeds 
were sown on ½ Murashige and Skoog medium and (MS, MP 
Biomedicals, USA) and 1% w/v (BD BactoTM Agar), and grown for 
7-10 days in the incubator with 16 hours light and 8 hours dark at 
28°C. 
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2.6 Polymerase Chain Reaction (PCR) 
 
PCR reactions were performed for colony screening or gene 
cloning and different protocols and polymerase enzymes, Crimson 
Taq polymerase or Q5 High fidelity DNA polymerase respectively, 
were used as described in the following sections. 
All the PCR reactions were performed in a T100TM Thermal Cycler 
(BioRad, Hemel Hempstead, UK) and the products detected on an 
agarose gel (See section 2.6.4). 
2.6.1 PCR colony screening 
 
Colony PCR was used to check the positive colonies transformed 
with the product of the BR reaction (pDONOR containing either 
kinesin-13a or truncated kinesin-13aD). The colonies were picked 
up from the plate with a sterile micropipette tip and dipped into 
the tube containing the PCR reaction solution (Table 5). Crimson 
Taq polymerase was used (Table 6). 
 
Table 3: PCR reaction assembly for colony PCR screening using 
Crimson Taq polymerase. 
Solution Volume (l) Final concentration 
Template DNA variable (colony)  
5X reaction buffer 10 1X 
10 mM dNTPs (NEB) 1 200 M 
10 M Forward 
Primer 
1 (of 1:10 dil) 0.2 M 
10 M Reverse Primer 1 (of 1:10 dil) 0.2 M 
Crimson Taq 
polymerase 
0.25 1.25 units/50l PCR 
Autoclaved water  41.5  
Final volume  50 l 
 
Table 4: Thermocycling conditions for Crimson Taq polymerase 
Step Temperature 
(°C) 
Time 
Initial denaturation 98 30 sec 
Step -1  
15 cycles 
98 30 sec 
48 30 sec 
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68 1 min 
Step -2 
15 cycles 
98 30 sec 
52 30 sec 
68 1 min 
Final extension 68 1 min 
Hold 4  
 
Colonies positive to the PCR screening were grown in liquid LB 
over night containing the selective antibiotic and the DNA was 
extracted following the protocol. The extracted DNA was 
quantified using a Nanodrop spectrophotometer 
(Spectrophotometer ND-1000) and used for the LR reaction. 
 
2.6.2 PCR gene cloning 
 
The DNA sequence of kinesin-13a was kindly provided by Prof 
Yoshihisa Oda (Oda and Fukuda 2013) as E.coli colonies 
containing the plasmid pGWB501 coding pkinesin-13a:GFP-
kinesin-13a. 
E. coli was grown in liquid LB over night with the selective 
antibiotic spectinomycin (See section 2.2) and the DNA was 
extracted via plasmid DNA extraction (See section 2.6.3).The 
extracted plasmid was then quantified with a Nanodrop 
spectrophotometer (See section 2.7), diluted to 1ng/l and used 
as template for the PCR reaction (Table 7). Q5 high-fidelity DNA 
polymerase (New England Biolabs, Herts, UK) was used (Table 8). 
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 Table 5: PCR reaction for PCR gene cloning using Q5 High-Fidelity 
PCR. 
Solution Volume (l) Final 
concentration 
Template DNA 2  
5X reaction buffer 10 1X 
10 mM dNTPs (NEB) 1 200 M 
10 M Forward Primer 1 0.2 M 
10 M Reverse Primer 1 0.2 M 
Q5 High-Fidelity  0.5  
Enhancer 10 1X 
Autoclaved water 24.5  
Final volume  50l  
  
 
 
Table 6: Themocycling conditions for Q5 High-Fidelity PCR 
Step Temperature Time 
Initial denaturation  98 30 sec 
30 cycles 98 30 sec 
61 30 sec 
72 1 min 
Final extension 72 1 min 
Hold 4  
 
The PCR reaction was performed in a T100 Therma Cycler 
(BioRad, Hemel Hempstead, UK) and 10 l PCR products detected 
on agarose gel (See section 2.6.4) and successively purified from 
gel (gel purification). The purified PCR product was successively 
cleaned up following the procedure detailed in section 2.6.5.  
The purified and cleaned PCR products were used for the BP 
Gateway reaction, where the PCR full length kinesin or truncated 
version was inserted into pDONR vector (See section 2.6.7). 
 
2.6.3 Primer design for Atkinesin13a cloning 
 
The coding DNA sequence (CDS) of the protein Atkinesin-13a, 
corresponding to the gene At3g16630, was obtained from Gene 
Bank (accession number AY056129). 
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The forward primers were designed to pair at the start codon ATG 
or from nucleotide 1601 and the reverse primers at the stop 
codon to generate the full length construct or truncated version of 
the protein, respectively. A flanking sequence was also added for 
the Gateway cloning. The primers are listed Table 3. The part of 
the primer sequence in bold is pairing with the CDS, while the rest 
is the flanking sequence inserting the attB recombination sites for 
Gateway cloning. 
Table 7: List of primers used for the cloning of Atkinesin-13a. 
No. Primer
s 
Sequence 
1 Forward 
full 
length 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCCGCCAA
TGGGCGGCCAAAT 
 
2 Forward 
truncate
d  
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCCGCCAA
TGAAGGATCCTTTGTTGGG 
 
3 Reverse 
+ stop 
codon 
GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACCGAG
GAACTCTCTTAC 
4 Reverse 
– stop 
codon 
GGGGACCACTTTGTACAAGAAAGCTGGGTCCCGAGGAA
CTCTCTTACG 
 
The melting temperature was the same for all the primers (Tm: 61 
°C) and calculated using the NEB website 
https://www.neb.com/tools-and-resources/interactive-tools/tm-
calculator. Primers were ordered from Eurofins MWG Operon 
(Ebersberg, Germany). 
The primers were used in different combinations (Table 4 and 
Figure 1) to obtain full length kinesin-13a or a truncation of the 
motor domain (Kinesin-13aD), which were successively fused at 
either N- or C- termini with fluorescent markers via Gateway 
cloning (table 9). The construct were sequenced and the sequence 
alignments are shown in Appendix IV. 
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Table 8: Combination of primers used for cloning of kinesin-13a. 
Combination 
of primers 
Construct obtained Gateway cloning 
1 - 3 kinesin-13a (+ stop 
codon C-term) 
RFP/GFP-kinesin-13a 
1 - 4 Kinesin-13a (- stop 
codon) 
Kinesin-13a-RFP/GFP 
2 - 3 kinesin-13aD (+ stop 
codon C-term) 
RFP/GFP-kinesin-13a-D 
2 - 4 Kinesin-13a-D-
RFP/GFP (- stop 
codon) 
Kienesin-13a-D-
RFP/GFP 
 
 
 
 
 
 
 
 
 
 
Figure 4. Representation of the cloning strategy to obtain kinesin-
13a full sequence and the mutant deleted of the motor domain 
(kinesin-13aD). 
Different primers combinations are used to clone the entire sequence of 
the kinesin gene of the mutant lacking the motor domain. 
 
2.6.4 Plasmid DNA extraction 
Plasmid DNA was extracted using the Wizard Plus SV Miniprep 
DNA Purification System (Promega). A volume of 5-10 ml of over 
night E.coli culture was centrifuged at 5000 rpm for 5 mins. 
Pellets were re-suspended in 250 l of re-suspension solution at 
room-temperature; 250 l of lysis solution was added and mixed 
inverting 4 times followed by the addition of 10 l of a protease 
solution. The mix was incubated for 5 minutes at room 
temperature and 350 l of neutralization buffer was added and 
MOTOR COIL 
185 533 703 742 
N-term C-term 
1 3/4 
2 3/4 
Kinesin-13a 
Kinesin-13a-D 
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mixed by inverting. The cell lysate was centrifuged at 13000 rpm 
for 10 minutes to pellet the cell debris. The clear supernatant was 
decanted into a miniprep spin column, placed into a collection 
tube and centrifuged 1 min at 13000 rpm. The flow through was 
discarded and the column was washed by adding 250 l wash 
solution and centrifuging for 1 minute at 13000 rpm; the column 
was washed again repeating this step. The column was left to dry 
at room temperature for 10 mins and the DNA eluted by adding 
50 l of deionised autoclaved water and spinning for 1 minute at 
13000 rpm. The concentration of the plasmid DNA is measured 
using the Nanodrop spectrophotometer (wavelength 260 nm). 
Where necessary, the plasmid DNA was diluted in autoclaved 
deionised water and stored at -20°C. 
2.6.5 Agarose gels 
PCR products were run on 1% agarose gels in 1 X Tris Acetate 
EDTA buffer (TAE: 40 mM Tris, 20 mM acetic acid and 1 mM 
EDTA). The agarose solution was heated by microwave until the 
agarose dissolved in solution and was allowed to cool to 40-50°C 
before adding 0.5 g/ml of ethidium bromide (Thermoscientific). 
The gel solution was poured into a gel cast and allowed to 
polymerise, and the gel was covered with 1X TAE buffer. PCR 
products were prepared as follow: 10 l of gel loading dye (NEB) 
was added to the PCR reaction (50l) and 10l of the mix was 
loaded into the gel wells. Alongside to samples, 10 l of DNA 
ladder (Quick load 1 kbp DNA ladder, NEB) was also loaded. The 
gel was run at 80V until the dye front reached 2 cm from the front 
of the gel. DNA bands were imaged using an UV transilluminator 
(Ultra-Violet Products Ltd., Cambridge, UK) and Uvisave gel 
documentation camera (UVlec Ltd, Cambridge, UK). 
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2.6.6 DNA extraction from agarose gel and PCR clean-
up 
 
PCR products were extracted from agarose gels using the Wizard 
SV Gel (Promega). The band was cut out of the gel using a razor, 
placed in a 1.5ml Eppendorf and dissolved adding 10 l of 
membrane binding solution per 10 mg of gel mg and incubated at 
50°C.  
The dissolved gel or the solution containing the PCR product, was 
transferred into a purification mini-column, inserted into a 
collection tube and incubated for 1 minute at room temperature. 
The column assembly was centrifuged for 1 minute at 13000 rpm, 
the flow through discarded, and the column was washed by the 
addition of 500 l of wash solution and centrifuged at 13000 for 1 
minute. The wash step was repeated adding the same volume of 
washing solution and centrifuged. The flow through was 
discarded and the column centrifuged for 1 minute at 13000 to 
eliminate any residue of ethanol. The DNA was eluted from the 
column by adding 25-50 l of autoclaved water, incubated 1 
minute at room temperature and centrifuged at 13000 for 1 
minute. The purified PCR products were quantified using the 
Nanodrop spectrophotometer and stored at -20°C. 
2.6.7 Gateway cloning 
PCR products were cloned into the Gateway entry vector 
pDONR207 (Invitrogen) through a BP reaction to produce the 
entry clone. The BP reaction is composed as listed and had a final 
volume of 5 l: 
 3l of PCR product (approximately 100 ng) purified from 
gel; 
 1l pDONR (100 ng approximately); 
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 1l BP enzyme 
The reaction was incubated over night at 25°C then deactivated 
adding 0.5 l of proteinase K for 10 min at 37°C. 
Highly competent E.coli cells DHα were transformed (See section 
2.3) using 1l of BP reaction mix and plated on LB agar plates 
containing gentamycin, the selection antibiotic for pDONR. A 
transformation was performed using 5 l of empty pDONR 
(corresponding to 20ng) as a control. Positive colonies resistant to 
the selection antibiotic were picked for colony PCR. Four clones 
resulting positive from the colony PCR reaction were grown in LB 
culture, and the plasmid DNA was extracted for the LR reaction 
In the LR reaction, the PCR product was fused to a fluorescent 
reporter at either end and inserted into an expression vector 
suitable for expression in plant via agrobacterium infection (Table 
9). 
Table 9: List of expression vectors and their use to obtain the 
fusion proteins. 
Vector Fluorescent 
tag 
Final construct 
pB7FWG2 C- term GFP  kinesin-13a-GFP 
kinesin-13a-D-GFP 
Cb-actin-GFP 
pB7RWG2 C-term RFP kinesin-13a-RFP 
kinesin-13a-D-RFP 
pB7YWG2 C –term YFP Cb-actin-YFP 
pB7WGF2 N-term GFP GFP-kinesin-13a 
GFP-kinesin-13a-D 
GFP-Cb-actin 
pB7WGR2 N-term RFP RFP-kinesin-13a 
RFP-kinesin-13a-D 
pB7WGY2 N-term YFP Cb-actin-YFP 
 
The LR reaction components are: 
 25-75ng of pDONR containing PCR product 
 1l expression vector (75 1g/1l approximately ) 
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 1l LR enzyme 
The reaction was incubated over night at 25°C then deactivated 
adding 0.5 l of proteinase K for 10 min at 37°C. 
At this stage, the desired plasmid DNA was sent to Source 
Bioscience (Oxford, UK) for Sanger sequencing and the results 
aligned with the CDS using the blast suite 
(http://blast.ncbi.nlm.nih.gov). 1l of DNA of the positive clones 
was used to transform 25l of E.coli high efficiency DHα cells 
according to the standard protocol and selected for the antibiotic 
resistance. Plasmid DNA was extracted from positive colonies and 
used to transform agrobacterium. 
 
 
 
2.6.7.1 Gateway cloning of the actin nanobody 
 
Constructs fusing the antibody sequence with both N- and C-
terminal fluorescent protein tags (YFP or GFP) respectively, were 
prepared by Dr Verena Kriechbaumer to optimize the construct 
for the expression in plants; this was part of a collaboration to 
produce better fluorescent markers for the plant cytoskeleton.  In 
the original construct provided by Chromotek, a short peptide of 
~20 amino acids (AGGTGGAGGAGGTTCTGGA) is present at 
the C-terminus of the nanobody sequence, linking the antibody to 
the fluorophore (Figure 2A). Such a linker was maintained, as 
suggested by the provider, when the sequence of the nanobody 
was cloned into a vector suitable for the expression in the plant 
and tagged with eYFP or GFP at the C-terminus or N-terminus 
(Figure 2B and 2C). 
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Figure 5. Fusions of the actin nanobody to fluorescent markers. 
(A) Sequence of the nanobody as provided by Chromoteck company, 
with linker of ~20 aa at C-terminal end; (B) YFP fused to C-terminal end 
of actin-Cb (actin-Cb-YFP); (C) YFP fused to N-terminal end of actin-Cb 
(YFP-actin-Cb). 
2.7 Confocal  Microscopy 
2.7.1 Image acquisition  
 
Confocal laser scanning microscopes (Zeiss UK, Welwyn Garden 
City, UK - LSM 510 META uprights and an LSM 510 inverted) 
equipped with 63X and 100X oil immersion objectives (Numerical 
aperture 1.4) were used for image and movie acquisition. 
A segment of approximately 0.5 cm2 was cut out of tobacco leaves 
expressing the protein of interest and mounted on a microscope 
slide with the lower epidermis facing upward. About 20 l of 
water was added before mounting the cover slip to keep the 
sample moisturized. A drop of oil was deposited on the coverslip 
to allow the imaging with oil-immersion objectives. Specific 
settings were used to image different fluorophores (Table 10). 
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Table 10: Imaging settings for the different fluorophores. 
Fluorophore Excitation 
laser 
(nm) 
Emission 
spectra (nm) 
Beam splitter 
GFP 488 BP 505-530 HFT 458/514 
NFT 595 
NFT 515 
RFP 543 BP 560-615 HFT 488/543 
NFT 545 
YFP 514 BP 470-500 HFT 
405/488/543/633 
NFT 515 
Pinhole 250 m  
 
2.7.2 Drug treatments 
 
To depolymerize the actin/microtubules cytoskeleton, leaf 
sections were soaked in a solution containing depolymerizing 
agents. The depolymerising drugs are solvents in DMSO (dimethyl 
sulfoxide). 
DMSO is an industrial compound which finds a wide use in clinical 
applications (Wood and Wood 1975). Due to its chemical 
properties, DMSO is a good solvent for a wide range of drugs and 
increases cell permeability, thus enhancing the cellular uptake 
(MacGregor 1967, Rammler and Zaffaroni 1967, Sciuchetti 1967).  
Actin filaments were disrupted by treating the samples with 25 
M latrunculin B (Calbiochem, Nottingham, UK; dissolved in 
DMSO and successively diluted in water to obtain the final 
concentration of 25 M) for 30 minutes. For latrunculin B 
treatment, the DMSO control is 1 μl/ml.  
LatranculinB is an actin depolymerizing compound isolated from 
the Red Sea sponge Latrunculia magnifica known to bind actin 
monomers and form 1:1 complexes, thereby preventing the 
polymerization of monomeric actin into actin filaments 
(Wakatsuki et al. 2001). 
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Microtubules were depolymerized by treating the sample with 
10M oryzalin (Oryzalin Technical Min 95%, DowElanco; 
dissolved in DMSO to make stock solution 10mM and further 
diluted in water to the final concentration 10M) for 45 mins. The 
DMSO control is 10 μl/ml (Hugdahl and Morejohn 1993). 
 
2.7.3 Time-lapse image series acquisition 
 
One or two leaves of at least 2 tobacco plants expressing the 
fluorescent markers were infiltrated and one movie taken per cell. 
The laser settings for time-lapse image acquisition was the same 
as for images acquisition. The 63X oil-immersion objective was 
used, the zoom was set at 3.7 and a square ROI of size 244 X 244 
was selected. The rate of acquisition was 0.4 sec per frame, and a 
total of 50 frames per movie was recorded. Each leaf sample was 
used for no longer than 20 minutes and at least 20 time-lapse 
image series per condition were taken.  
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2.8 Tracking 
 
Time-lapse series of fluorescent cortical Golgi bodies were 
acquired as above and their movement was tracked using the 
tracking module of Volocity 6.3 (Improvision, Perkin Elmer). The 
software can detect and track objects (fluorescent Golgi bodies) 
over all time-lapse images (movie 1). The tracking algorithm 
works by calculating the centroid position of the object and 
generates tracks by connecting the centroids. Objects are detected 
on the basis of specified parameters (Intensity of the fluorescence 
(50-100%), object size (0.04 m2) and the tracking model can be 
chosen as well (shortest path model, minimum distance 2.6 m). 
The software is able to detect most of the objects and the tracks 
were manually checked one by one to make sure that the 
organelles were accurately tracked and that a same organelle was 
not tracked multiple times; additionally, clusters of Golgi bodies 
and tracks combining less than 5 sequential images were excluded 
because it was necessary to analyse the movement of single 
objects and over a significant amount of time. 
For each track, velocity, displacement rate and meandering index 
were chosen to describe Golgi body movement. The velocity (V) is 
the track length divided by the time; the displacement rate (DR) is 
the linear distance between the starting point and the end point 
divided by the time; the meandering index (MI) is the ratio 
between displacement rate the velocity (Figure 3).  
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Figure 6. Screenshot of tracking and the parameters calculated by 
the software. 
The software recognizes and generates tracks for most of the Golgi 
bodies (A) and can calculate the track velocity (m/sec)(blue line), the 
displacement rate (m/sec) (red line) and the meandering index, which 
is the ratio between the velocity and displacement rate. If the organelle 
has a salutatory movement, the track is more curved and the 
meandering index would be less than one (B); if the movement of the 
object is linear, the shape of the track approximately a straight line then 
the meandering index would be close to one (C). 
 
Tracking measurements were performed on samples under 
different conditions (untreated sample, DMSO control and 
treatment with depolymerizing agents) and a variable number of 
between 65 and 238 Golgi bodies were tracked per condition. One 
or two leaves of at least 2 tobacco plants expressing the 
fluorescent markers were used. The untreated sample consisted 
of tobacco plants expressing the Golgi marker ST-GFP solely; 
different approaches were used to recognize cells that were 
effectively treated with the depolymerizing agents. In cells treated 
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with latrunculin B, Golgi bodies were not motile and only these 
cells are chosen for the analysis because the lack of motility of 
Golgi bodies indicates that the treatment was effective. In the case 
of treatment with oryzalin, the Golgi marker ST-GFP was co-
expressed with the microtubule marker GFP-TUA and the 
treatment performed. The depolymerisation of microtubules was 
determined by the loss of fluorescent filaments and the 
appearance of cytoplasmic fluorescence, which are units of 
fluorescent tubulin dispersed in the cytoplasm. Only cells showing 
this fluorescent pattern were used for tracking. The DMSO control 
was performed at either concentration of 10 μl/ml for oryzalin or 
1 μl/ml for latrunculin B (See section 2.7.2). In this case, the cells 
were chosen randomly for time-series acquisition.  
To estimate the differences between the samples and 
experimental conditions, a statistical analysis was carried out as 
described in section 2.14.1. 
 
2.8.1 Statistical analysis of tracking data 
 
The data were processed using the software SPSS 22 (IBM). The 
datasets of the velocity, displacement rate and meandering index 
were analysed in two phases. 
Initially, a descriptive statistic was carried out to characterise the 
sample; information such as sample size, mean, median, range, 
standard deviation and skewness were obtained. The skewness 
provides a measurement about the symmetry of the dataset 
distribution. Normally distributed datasets are bell shaped, 
symmetrical around the median and mean and the skewness 
value is 0; positive values of skewness indicates that the peak of 
the curve is shifted toward left, and has the long tail of low values 
on the right; negative values of skewness indicates that the peak 
 Chapter 2 – Material and methods 
65 
 
of the curve is shifted right, with the long tail of low values on the 
left (Figure 4) (Freund and Wilson 2003). 
 
 
Figure 7. Histograms display sample distribution. 
Normaly distributed datasets are bel-shaped and symmetrical around 
the mean and median (B). Positive skewed dataset have the tail of high 
values longer than the tail of low values and the mean is bigger than the 
median (A). Negative skewed distributions have the tail of higher values 
longer than the tail of smaler values (C). 
 
Whisker boxplots (Figure 5) and histograms of frequency were 
also generated to show the distribution of the datasets. The 
former, are useful tools to detect and classify outliers and extreme 
outliers which can correspond to errors (See Appendix I). 
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Figure 8. Reading whisker boxplots. 
Whisker boxplot are diagrams made of three parts: the rectangular box 
defining the upper quartile and the lower quartile, with the median 
dividing the box; the whiskers (or fences) indicating the minimum and 
the maximum; outliers (•)are values beyond the end of the whiskers 
which are 1.5 times the interquartile range; extreme outliers (*) are 
values 3 times bigger the interquartile range. Adapted  from: Landau 
and Everitt (2004). 
 
The normality of the distributions was also tested with the 
Shapiro-Wilk test which is used for samples smaler than 2000 
datapoints and starts from the hypothesis that the dataset is 
normaly distributed. The significance level (p.value) is set as a 
default (0.05); for p.values results below 0.05, the nul hypothesis 
is accepted and the dataset is normaly distributed; for p.values 
above 0.05, the nul hypothesis is rejected and the dataset is not 
normaly distributed. 
 Al tracking datasets were not statisticaly distributed; alternative 
tests for non-normaly distributed datasets (which are named 
non-parametric tests) are chosen to assess the diferences 
between them. The non-parametric Kolmogorov-Smirnov (KS) 
test for independent samples and the Mann-Witney (MW) were 
chosen (See Appendix I). 
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The Mann-Whitney test was performed to detect diferences in 
the median, being the statistical measurement closest to the 
central tendency of the distribution. The test assumes that the 
median is the same across the samples (nul hypothesis) and the 
significance level is set at 0.05; results lower than 0.05 indicate 
that the median is statisticaly diferent while results bigger than 
the significance level indicate that the median is close and not 
diferent (Figure 6). 
The Kolmogorov-Smirnov test (KS) was also selected to detect 
diferences in the shape of the cumulative distribution function 
(CDF) plot (See Appendix I) and to compare the results with 
published data (Avisar et al. 2009). The nul hypothesis is that the 
tested samples have the same distribution and the significance 
level is set at 0.05; the nul hypothesis is retained for values below 
the significance level and is rejected for values above the 
significance level, indicating that the distribution of the two 
samples is diferent. To build the CDF plots, the frequencies of the 
values were first calculated and the plots successively generated 
(See Appendix I). 
 
SPSS provides a detailed analysis of the datasets; the outputs of 
the analysis were re-tabled to extrapolate only the most 
significant data (example of original SPSS outputs in Appendix I) 
(Freund and Wilson 2003). 
 
 
 
 
 
 
Figure 9. How to read the results of non-parametric tests. 
Any statistical tests start from the assumption that there are no 
diferences between the datasets (nul hypothesis). In the figure the 
datasets are indicated as A and B. If the result of the test is lower than 
the significance level 0.05, the nul hypothesis is rejected, meaning that 
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there are differences between the datasets; if the result of the test is 
bigger than the significance level 0.05, the null hypothesis is retained, 
meaning that the two datasets are not statistically different. 
Non-parametric tests were run for the datasets of velocity and 
displacement rate. The Kolonogorov-Smirnov test (KS) compares the 
sample distribution function; The Mann-Whitney (MW) test compares 
the mean. For both, the significance level is set to 0.05 
 
 
Relative median of the meandering index and displacement rate 
was calculated to quantify the variation in the sample treated with 
the depolymerizing agents compared to the control. Excel was 
used and the following formula (1) to estimate the relative mean: 
 
(1) 100: MIdepoly(%) = MIcontrol: MI depolym 
 
Where MIcontrol is the meandering index of the DMSO control, 
MIdepoly is the meandering index of the sample treated with either 
latrunculin B or oryzalin and MIdepoly(%) is the meandering index 
of the sample treated with depolymerizing agents and expressed 
as percentage of the control. The meandering indices as 
percentages are represented as boxplots. The differences between 
the meandering indeces were assessed using t-test. 
 
2.9 Optical trapping 
 
The imaging and trapping of Golgi bodies was performed on a 
TIRF microscope (total internal reflection fluorescence) equipped 
with a far-red laser optical trap (Central Laser Facility, Rutherford 
Appleton laboratory, Harwell). 
To image the fluorescent organelles, a 490 nm excitation laser was 
used with a maximum output power of 5 mW. Emitted 
fluorescence was filtered using a long pass filter 500 nm, plus a 
band pass filter 520 ± 12.5 and an ND8 filter. 
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The optical trap consisted of a highly focused infrared beam 
generated by 1990nm laser and was focused using a 100X oil 
immersion TIRF objective lens (Nikon). The laser power at the 
source was set at 3.5V corresponding to 380mW when it enters in 
the TIRF system and corresponding to approximately 64mW at 
the stage, after it passed through the objective. For moving the 
trap, the laser was maintained in a fixed position while the 
microscope stage was moved; the positioning of the stage and 
velocity (10 m/sec) was controlled through the custom 
programmed LabVIEW software (National Instruments), which 
also controlled the EMCCD camera (Andor Ixon, exposure time: 
0.1 sec, gain: 2600-2800) and a shutter across the trapping laser 
beam.  
Before starting each experiment, the laser was calibrated and the 
power measured at the source, through the system and at the 
microscope stage. 
A leaf sample (untreated, treated with DMSO control or 
depolymerizing agents) was mounted on the microscope slide 
(cover slip size 22X50 mm #0, Menzel-Glaser) (See section 
2.12.1). Tape was used to seal the sample and avoid coverslip 
movement and drying of the sample. Each sample was imaged for 
a maximum of 20 minutes. 
To check if the settings of the laser were similar to previous 
experiments, a total of 50 Golgi bodies are trapped and the 
number of organelles that fall into the trap was compared to the 
figures obtained in the previous experiments. 
2.9.1 Data collection and analysis of optical trapping 
data. 
 
In N. tabacum a maximum of 100 Golgi bodies per sample per 
condition were trapped (100 Golgi body test) and classified 
according to two categories: ‘trapped’ (if the object is held by the 
 Chapter 2 – Material and methods 
70 
 
trap and can be displaced from the original position) or ‘not 
trapped’ (if the object could not be trapped and displaced from the 
original position).  Due to plant material availability, in A. thaliana 
a maximum of 50 Golgi bodies were trapped per sample, per 
condition (untreated, DMSO, oryzalin or latrunculin B treatment), 
and the data extrapolated to the count of 100 and presented as 
percentage. Five Golgi bodies were trapped per cell (non-
contiguous cells were chosen. The totals reported and analysed 
represent the data collected from between four and ten 
repetitions, where each repetition is from one leaf sample taken 
from independent plants. The trapping data were analysed using 
Exel or Staplus (equivalent of Excel for Mac OSX). 
Initially, the homogeneity of variance was assessed using an F-
test, which is whether the variances of two populations are equal 
at the significance. The null hypothesis is that the variances of the 
sample are equal. The null hypothesis is retained if the F-value 
(the ratio between the variances) is smaller than the F-critical one 
tail (that is the critical value to accept or reject the null 
hypothesis) that is the two samples have homogeneous variances. 
The null hypothesis is rejected if F-value > F-Critical one-tail, that 
is the two samples have heterogeneous variances (Figure 6). 
 
 
 
 
 
 
 
 
Figure 10. Example of F-test output. 
The F-test is used to assess if the two samples have equal or unequal 
variances. In the output table different statistical parameters are listed 
(Mean, Variance, observations, df or degree of freedom). 
  DMSO Latrunculin B 
Mean 58.00 74.56 
Variance 601.71 324.53 
Observations 15.00 16.00 
df 14.00 15.00 
F 1.85 
 P(F<=f) one-tail 0.12 
 F Critical one-tail 2.42   
 Chapter 2 – Material and methods 
71 
 
F is the ratio between the variances. If F > F critical one-tail, the null 
hypothesis is rejected that is the samples have heterogeneous variances; 
if F < F critical one-tail, the null hypothesis is retained and the samples 
have homogeneous variances. 
 
According to this result, the appropriate paired t-test (equal 
variance or unequal variance) was performed to assess the 
differences between the means (alpha: 0.05). A t-test result 
(indicated as p) smaller than 0.05 indicates that the mean values 
of the samples are statistically different, and a t-test result bigger 
than 0.05 indicates that the mean values of the samples are not 
statistically different. The mean values are represented as 
percentage of the mean of the control and plotted as a boxplot 
where the significance of the differences is represented as (*) 
p≤0.05, (**) p≤0.01, (***) p≤0.001, , (****) p≤0.0005. 
 
2.10 FRAP acquisition 
 
For FRAP (fluorescent recovery after photobleaching) 
experiments the, fluorescent fusion constructs (Lifeact-GFP, GFP-
actin-Cb, RFP XIK-tail) were transiently expressed in N. tabacum 
plants (Sparkes et al. 2006).  The concentration of agrobacterium 
(OD) for each combination of constructs were: Lifeact-GFP OD600: 
0.01; GFP-actin-Cb OD600: 0.03; Lifeact-GFP OD600:  0.01 and RFP-
XIK-tail OD600: 0.05; GFP-actin-Cb OD600: 0.01 and RFP-XIK-tail 
OD600: 0.05. 
The FRAP experiments were performed with both the Inverse 
Zeiss/LSM  and the 510 META confocal microscopes. The FRAP 
parameters were maintained the same in all the experiments to 
obtain comparable results.  
A 63X oil immersion objective with digital zoom of x0.7 was used. 
The photobleaching area was defined as a ROI circle of 25 µm2. To 
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image the GFP fusions, an argon laser excitation wavelength at 
488 nm at 50% of the output power was used and the GFP 
emission was detected with a 505-530nm band-pass filter. 
Five scans at a laser power of 15% were performed to assess the 
level of fluorescence for the bleaching. For the bleaching, the laser 
beam was increased to 100% for 70 iterations. The recovery of 
the fluorescence was followed over a period of 30-40 seconds 
with a lower transmission laser (15%). During the whole 
experiment, an additional ROI of the same size and shape as the 
bleached one, was drawn to monitor that the bleaching effect was 
restricted to the ROI and to compensate for any bleaching due to 
the laser scanning during the recovery period. One ROI per cell 
was bleached, and at least 20 cells were analysed per combination 
of fluorescent markers. 
2.10.1 Normalisation and fitting of FRAP data 
 
Analysis was restricted to the recovery of the fluorescence after 
the photobleaching. The data of recovery of the fluorescence were 
analysed using Microsoft Exel: the recovery was normalised 
against the pre-bleaching fluorescent conditions and expressed as 
percentage using the equation (2) 
 
(2)  In = [(It − Imin)/(Imax − Imin)] × 100  
 
where In is the normalized intensity, It is the intensity at time t, 
Imin is the minimum intensity in the data set and Imax is the 
maximum intensity in the data set (Runions et al. 2005).  
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Statistical curve fitting was carried out using Prism 4 (GraphPad , 
San Diego, CA U.S.A.) and data was fit to an exponential one-phase 
association curve having the equation (3):  
(3) I = I0 + (Imax-I0)*(1-exp-K*t) 
Where I0 is the fluorescence intensity after the bleaching event, 
Imax the maximum intensity of the fluorescence recovery and K a 
rate constant, t the time. The half-time (t1/2) of recovery is the 
time taken to obtain the recovery of half of the fluorescence and is 
calculated as ½ ln(K). 
 
Considering that the initial section of the curve is approximating 
to a linear function, the slope of this linear segment would 
correspond to the percentage of fluorescence that recovers over 
the time span of one second. 
To extrapolate the rate of fluorescence per second (R), the 
following equation (4) was used: 
 
(4) It1/2 (%)= R x t½ (sec) 
From which R = I t1/2 (%) / t½ (sec) 
 
Where I t1/2 is half of the max fluorescence, t½ (sec) is the half-
time and R is the rate of fluorescence per second. 
 
2.10.2 Statistical analysis of FRAP results 
 
The t1/2 values and I max were statistically analysed and 
compared per condition. 
The statistical analysis was carried out with Excel or Statplus Mac. 
Initially the equality of variances was assessed using an F-test and 
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followed by t-test for equal or unequal variances were performed, 
with the significance level at 0.05. 
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3 Tracking the movement 
of Golgi bodies. 
 
3.1 Introduction 
Live cell imaging and fluorescent markers for Golgi bodies showed 
for the first time that these organelles move on the ER surface in 
plant cells. Treatment with the actin-cytoskeleton depolymerizing 
agent latrunculin B caused the cessation of the translational 
movement and aggregation of Golgi bodies in small clusters 
(Boevink et al. 1998) (movie 2) indicating that there was a 
correlation between actin arrays and Golgi body motility. Mutants 
of the actin-motors myosins belonging to the class XI, reduce the 
motility of Golgi bodies and other organelles when expressed in 
Arabidopsis pollen tubes and tobacco leaf epidermal cells (Avisar 
et al. 2009, Avisar et al. 2008, Griffing et al. 2014, Madison et al. 
2015).  
Interestingly, the depolymerisation of microtubules does not stop 
the movement of Golgi bodies but a role in regulating the 
movement cannot be excluded. In Nebenführ et al. (1999) Golgi 
stacks were tracked and the movement numerically described as 
‘streaming level’. Leaf epidermal cells treated with various 
microtubule-disrupting agents showed an increase of the number 
of active cells and increase of streaming activity. Such change in 
the streaming activity was not quantified and a small sample was 
used, so a conclusion cannot be drawn. 
A successive study in hypocotyls by Crowell et al. (2009), 
suggested that Golgi stacks pause on microtubules and this is 
concomitant to the insertion of the cellulose synthase complex 
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(CSC) into the plasma membrane. When microtubules are absent, 
following treatment with a depolymerizing agent, the CSCs are 
distributed uniformly whereas when the microtubules are present 
and stabilized with taxol the cellulose complexes are aligned 
(Crowell et al. 2009). This led to the hypothesis that microtubules 
are participating to the fine tuning of the fast translational 
movement of Golgi stacks on actin filaments (Brandizzi and 
Wasteneys 2013). So far, the only microtubule-related protein 
localized on Golgi bodies, is the non-motor Atkinesin-13a but its 
role in the organelle’s motility regulation has not been shown 
(Wei et al. 2009).  
Considering the whole cytoskeleton network, it is still unclear if 
the two classes of filaments are physically connected and which 
protein bridges are involved (Schneider and Persson 2015, Wang 
et al. 2014, Wang and Hussey 2015). Some evidence shows that 
actin and microtubules cross–talk (Collings 2008), and that the 
recovery of microtubules requires the presence of actin filaments 
and vice versa (Sampathkumar et al. 2011), so a role of the 
microtubules in directly or indirectly regulating the Golgi motility, 
cannot be excluded. 
In this chapter, the contribution of the single cytoskeleton 
components was measured in order to understand how each type 
of filament regulates the movement of Golgi bodies in the cortical 
region of leaf cells. This is achieved by combining live cell imaging 
time-series, which were taken with the confocal laser scanning 
microscope, and the software ‘Volocity’ to analyse the time series. 
The software Volocity is able to automatically detect fluorescent 
Golgi bodies and quantify parameters that can describe their 
movement. Of all the parameters that the software gives as output, 
velocity, displacement rate and meandering index are taken into 
consideration and compared in different conditions to dissect the 
mechanism underlying Golgi body dynamics. 
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3.2 Results 
 
3.2.1 Setting the statistical approach: 
analysis of velocity values and 
comparison between repetitions 
 
In all the experiments, movies of N. tabacum leaf epidermal cells 
transiently expressing ST-GFP labelled Golgi bodies were 
collected at 48 and 72 hours after the infiltration event and 
following the treatment of samples with cytoskeleton 
depolymerisation drugs or DMSO as control. For each expression 
day, the experiment was performed two times, and at least 20 
movies per condition (untreated, depolymerizing drugs, DMSO) 
were recorded. The movies were analysed with the software 
Volocity to calculate the velocity (V), displacement rate (DR) and 
meandering index (MI) (Figure 11A). Each movie represented a 
biological replicate and each Golgi body is a datapoint; the size of 
the dataset was between 65 and 215 entries (n). The datasets of V, 
DR and MI were statistically analysed using the software SPSS. 
The analysis was carried in two steps: a descriptive statistical 
analysis to characterize the datasets and a subsequent analysis to 
evaluate the differences between repetitions for a same 
expression day and ultimately differences between untreated and 
treated samples (with DMSO, latrunculin B or oryzalin).  
Initially, the datasets of repetitions for a same expression day 
were analysed in order to assess the variability within the sample 
and repetitions. For a same expression day (48 hrs from the 
infiltration event), the descriptive statistics of the velocity showed 
that the first replicate (rep 1) had 129 datapoints, where a 
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datapoint is a Golgi body, and the second replicate (rep 2) had 215 
datapoints (Figure 11B).  
To further characterize the dataset, the mean and the standard 
deviation (SD), which represents how much the values are spread 
about the mean, were considered. In replicate 1, the velocity has a 
mean of 0.61 m/sec and SD of 0.49 m/sec; replicate 2 has a 
mean value of 0.75 m/sec and SD of 0.57 m/sec (Figure 11B). It 
could be observed that the mean values of the replicates were 
close and that in both cases the standard deviation was quite 
large. The same trend of the mean and SD of the sample excludes 
the possibility that the high variability is due to a technical error 
while collecting data. The large SD might suggest that in the 
dataset there are outlier points (Figure 11C) and that the datasets 
might assume a distribution different from a normal one. The 
skewness values give information about the distribution of the 
datasets. The skewness defines the symmetry of a distribution 
(See Figure 7). 
As figure 11B shows, the skewness value for replicate 1 was 2.30 
and for replicate 2 was 1.89, meaning that the data are not 
symmetrically distributed but shifted towards the left. The 
normality test (Shapiro-Wilk) was run to confirm the distribution 
of the datasets (See section 2.8.1). Both Shapiro-Wilk test (Figure 
11B) and histograms (Figure 11D and 11E) showed that the 
distribution of the data was positively skewed. The black dashed 
line represents the mean while the red dot line represents the 
median. For large datasets normally distributed, mean and 
median were close to each other and represent the central 
tendency of the data (Figure 7). As demonstrated in the 
histograms in figure 11D and 11E, the mean and median were 
shifted. The median was closer to the peak of the distribution, 
meaning that the median was more representative of the central 
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tendency of the data. The median was used instead of the mean 
for further analysis. 
Non-normally distributed datasets with a skewed distribution, can 
be transformed into normally distributed datasets by applying a 
function (e.g. logarithm) and a t-test or ANOVA can be used to 
assess differences (Figure 19); this possibility will be discussed 
later in this chapter. 
For non-normally distributed datsets, the non-parametric 
Kolmogorov-Smirnov (KS) test for independent samples and the 
Mann-Witney (MW) were chosen (See section 2.8.1). 
Both tests show that there were significant differences between 
the replicates of Golgi measurement at 48hrs from the infiltration 
day for the significance level of 0.05 (See Appendix III). 
 
Because of the high variability in the samples, the option of 
pooling together the repetitions to constitute one dataset of 
velocity values collected at 48 hrs from the infiltration day was 
considered. The dataset (n= 344) had a median velocity of 0.56 
m/sec. It was positively skewed, non-normally distributed 
(Figure 12A) and maintained the left skewed distribution with the 
central tendency close to the median (Figure 12B). There was an 
increase in the number of values in the tail fraction of the 
distribution as was more clear in the whisker boxplot graph 
(Figure 12C). The sum of two positive skewed distributions 
increases the number of values at the tail of the distribution, 
which are far from the central tendency. The whisker boxplot 
graph (Figure 12C) better represents what is happening to the 
dataset when the replicates are pooled: the circles and stars in the 
graphs indicate the data which the statistical programme 
classifies as outliers and possible errors, respectively. The sum of 
                                                                                                                 Chapter 3 – Tracking 
80 
 
replicate 1 and replicate 2 determines an increase of the number 
of data that lie outside the whisker fences (Figure 12C). 
To assess if the same pattern of distribution of data was observed 
when the velocity values were collected after 72 hrs of expression, 
the procedure described above was repeated. 
The number of datapoints for replicate 1 (n= 127) and for 
replicate 2 (n= 198) (Figure 13A); the mean value of replicate 1 
was 0.8 m\sec and SD 0.44 m/sec; the mean value of replicate 2 
was 0.5 m\sec and SD is 0.47 m/sec (Figure 13A). In this case, 
the mean values of the velocity in replicate 1 and replicate 2 were 
largely different and, similarly to what observed for the velocity 
values recorded at 48 hrs, the SD values were quite high 
compared to the means. A third replicate of smaller size (10 
movies) was conducted to assess if the source of variability in this 
case was generated by a technical error, such as non-consistent 
tracking settings. The velocity mean value of replicate 3 was 1.23 
m/sec and SD 1.04 m/sec (Figure 13A).  
The normality test Shapiro-Wilk, confirmed that the datasets were 
non-normally distributed (Figure 13A). The distribution of the 
data (Figure 13B, 13C and 13D) proved to be non-normal and 
positively skewed, as also was observed for the first dataset 
collected at 48hrs from the infiltration event (Figure 11D and 
11E).  
This was confirmed in the boxplot analysis (Figure 13E), which 
clearly showed that the median of replicate 1 was far from the 
median of replicate 2 and replicate 3 and that the pattern of the 
outlier data was different. The KS test and MW test (See Appendix 
III) confirmed that the replicates were statistically different. 
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3.2.2 The effect of depolymerisation of actin 
filaments on Golgi dynamics 
 
3.2.2.1 Velocity 
 
Differences in the velocity between untreated samples and 
samples treated with the actin depolymerizing agent latrunculin B 
and the chemical compound DMSO were assessed. The effect of 
DMSO, commonly used as a solvent in experiments such these, on 
organelle motility had not been assessed before. DMSO is a polar 
aprotic molecule that has amphiphilic  properties, that is, miscible 
in water and organic compounds (MacGregor 1967). It interacts 
with lipid bilayers and its effect on the organization of the 
membrane is dose dependent (Gurtovenko and Anwar 2007, 
Hughes et al. 2012). The interaction of DMSO with the plant cell 
wall and its dose-dependent effects have not been analysed in 
plant tissues. In plant cell cultures it is used to permeabilize cell 
membrane in the concentration range of 2-20 % (Parr et al. 1984). 
It has been also used to enhance in vitro polymerization and 
stability of microtubules isolated from both plants and animal 
cells (Mitchison et al. 2013, Mizuno 1985).  
Initially the velocity values recorded for the untreated sample 
were compared to those collected after the treatment with DMSO 
10 l/ml (See sections 2.8 and 2.7.2).  
The dataset of DMSO (n=198, Figure 14A), had a median Golgi 
velocity of 0.37 m/sec very close to the one of the untreated 
sample (0.44 m/sec), was positively skewed as can be 
appreciated from the table 14A and in the histogram 14B, and 
non-normally distributed as the normality test Shapiro-Wilk 
demonstrated (Figure 14A).  
                                                                                                                 Chapter 3 – Tracking 
82 
 
The KS and MW tests were performed to assess differences 
between the untreated sample and the treatment with 10 l/ml of 
DMSO. Both tests proved that there was no significant difference 
between them (See Appendix III). The same result was obtained 
from the same analysis performed on the second replicate (data 
not shown). 
The sample size of the latrunculin B sample was n= 88, the median 
value of the velocity was 0.28 m/sec, 1.3 times less than the 
velocity of the sample treated with DMSO (Figure 15A). The 
standard deviation remained large and was of 0.25 m/sec and 
the skewness was positive (Figure 15A), as also the normality test 
(Figure 15A) and histogram showed (Figure 15B). The dataset 
was non-normally distributed and its centre was shifted towards 
the left. The boxplot permitted a better appreciation of how the 
range of velocity values was also reduced compared to the 
treatment with DMSO (Figure 15C). The differences observed in 
the median were significant as the MW test showed and also the 
differences in the distribution were significantly different as 
assessed by the KS test (See Appendix III). The same results are 
reported for the second repeat of the experiment (data not 
shown). 
The KS test detects differences in the location and shape of the 
cumulative distributions of frequency. Cumulative distribution of 
frequencies plots of the velocity (CDF %) were used to provide a 
visual representation of the distribution of the whole dataset and 
make it possible to appreciate any change in the distribution 
(Figure 15E). The treatment with the actin depolymerizing agent 
determined a reduction of the size of the range of values that Golgi 
bodies can acquire. 
When the sample was treated with DMSO, the range of the 
velocity values was 3.13 m/sec whilst when treated with 
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latrunculin B it was reduced to 1.76 m/sec (Figure 15A). The 
lower limit of the range (minimum) is comparable for DMSO and 
latrunculin B; the upper limit (maximum) for DMSO was 3.65 m 
/sec while for latrunculin B was 1.89 m /sec (Figure 15A). 
Indeed, CDF curves show that the curve of latrunculin B was 
shifted towards lower values of velocity, confirming that the 
treatment resulted in a reduction of the distance travelled over 
the time (Figure 15E).  
All these data together indicated that upon the treatment with 
latrunculin B, the Golgi bodies acquired a narrower range of 
velocity values and that they were slower, being the maximum 
velocity being 1.89 m/sec. 
To provide a quantification of the reduction in the velocity, 
treated samples were standardized against the control DMSO and 
represented as relative percentage of the control (relative median 
%). The velocity reduced by 25% compared to the control (Figure 
15E). 
 
3.2.2.2 Displacement rate  
 
The effect of 10 l/ml DMSO on displacement rate was considered 
and compared to the untreated sample.  
The dataset of the untreated sample had a median of 0.23 m/sec, 
SD of 0.54 m/sec and was positively skewed; the dataset of the 
sample treated with DMSO 10 l /ml had median of 0.22 m/sec, 
SD of 0.58 m/sec and was positively skewed; as the normality 
tests confirmed, both datasets were non-normally distributed 
(Figure 16A). The shape of the distribution for the untreated 
sample and sample treated with DMSO 10 l/ml was similar and 
is logarithmic (Figure 16B and 16C, respectively). 
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The boxplot 16D shows that the median values were very close 
and the MW test confirms that they were not significantly 
different (See Appendix III). The CFD curves (Figure 16E) had 
similar shape and the KS test confirmed that were not significantly 
different (See Appendix III). Taken altogether, these results were 
indicating that DMSO at concentration of 10 l /ml had no effect 
on the displacement rate; the displacement rate values of 10 l/ml 
DMSO were taken as control and compared to the 
depolymerisation of actin filaments with latrunculin B. 
The dataset of the sample treated with latrunculin B 25 M had a 
median displacement rate of 0.016 m/sec, a SD of 0.21 m/sec 
and was positively skewed (Figure 17A). The range of 
displacement rate values was also taken into consideration to 
have an estimate of the variation of this measurement. Upon 
latrunculin B treatment the range was 2.68 m/sec, similar to the 
range of the control (2.73 m/sec) (Figure 17A). From histogram 
7B and boxplot 7C it could be observed that most of the data fell in 
the range 0.5 m/sec when the sample was treated with 
latrunculin B, except an entry that had value between 2.50 m/sec 
and 3 m/sec (as highlighted by the red arrow in histogram 17B); 
the boxplot representation 17C (asterix in the red box) classified 
this entry as an outlier and this might explain the value of the 
range reported in the table 17A.  
The presence of this outlier data might affect the accuracy of the 
estimation of the median, standard deviation and range so this 
entry was further investigated. From screening of all the values of 
the dataset, it resulted that it was an error, probably due to the 
joining of two distinct tracks or tracking of a Golgi bodies in a cell 
non affected by the treatment, and was eliminated from the 
dataset. The edited dataset of the displacement rates acquired 
after latrunculin B treatment was analysed. The dataset had 
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median of 0.016 m/sec, standard deviation 0.05 m/sec, range 
of 0.33 m/sec and was positively skewed (Figure 18A). The 
histogram of displacement rates upon latrunculin B treatment was 
generated similarly to the other histograms. The depolymerizing 
treatment showed a drastic reduction of the displacement rates 
with maximum value of 0.33 m/sec and plotting the data as done 
as for the other histograms did not allow an appreciation of the 
distribution of the dataset within such a narrow range (Figure 
18B, panel above); for this reason another histogram was 
generated with the x-axis covering the range 0.35 m/sec (Figure 
18B, panel below). The enlarged representation permitted to 
appreciate that upon latrunculin B treatment the dataset 
maintained a logarithmic distribution and the most frequent 
values were slightly above the zero (Figure 18B, panel below). 
Boxplot (Figure 8C) and CDF graph (Figure 8D) show the 
differences in the median, spread and shape of the distribution of 
data that were all significantly different (See Appendix III). 
To better understand how much the displacement rate was 
reduced, the median relative to the control was calculated. The 
depolymerisation of actin filaments results in a reduction of the 
displacement rate of almost 90% of the DMSO control (Figure 
18E). Comparable results were obtained from the second replicate 
of this experiment (not shown). 
A transformation of the dataset is applied to check if the non-
normally distributed dataset can be transformed into a normally 
distributed dataset (Figure 19). 
 
3.2.2.3 Meandering index 
 
The meandering index (MI) is a numerical value representing the 
complexity of the movement; values closer to one indicate that the 
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organelle moves on a more linear track (Sparkes et al. 2008)(See 
Figure 6). 
The MI values for untreated sample was 0.47, for the DMSO 
control was 0.49 and for the treatment with latrunculin B of 0.11. 
The unpaired t-test unequal variances (p<0.05) indicated that 
there is not a significant difference between the untreated sample 
and the control, while there is significant difference between the 
control and actin depolymerisation (Figure 20). 
The relative mean compared to the control was calculated to give 
an indication of how much the meandering index is reduced when 
actin arrays are not present. The latrunculin B treatment 
determines a reduction of the meandering index of almost 80% 
(Figure 21). 
A snapshot of the Golgi bodies tracks in absence of actin filaments 
is represented in Figure 22. 
 
3.2.3 The effect of microtubule disruption on 
Golgi movement 
 
3.2.3.1 Velocity  
 
To investigate the role of microtubules in the motility of Golgi 
bodies, tobacco leaves transiently expressing ST-GFP, were 
treated with 10 μM solution of the microtubule depolymerizing 
agent oryzalin (movie 3). As control 1 l/ml of DMSO was used. 
Similarly to data collection described above, movies of fluorescent 
Golgi bodies untreated, treated with DMSO or oryzalin were 
recorded and analysed.  
At first the differences between the velocity of the untreated 
sample and DMSO were analysed. In the untreated sample of 
replicate one (n= 126) the Golgi bodies had a velocity median of 
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0.7 m/sec (SD 0.44 m/sec) and the distribution was skewed to 
the left (Figure 23A); the DMSO control of replicate one (n=229), 
had median velocity 0.56 m/sec (SD 0.66 m/sec) and is 
positively skewed. As can be observed in the boxplot 13B, the 
distribution of the DMSO treatment has a longer tail, as indicated 
by the outliers points above the upper edge of the whisker. To 
assess if the differences in the median and in the distribution are 
significant, the MW and KS tests were performed and results show 
that there are no significant differences between the untreated 
sample and the control (See Appendix III). On treatment with 
oryzalin (n=238) the sample had a median velocity of 0.4 m/sec 
(SD 0.63 m/sec) and was skewed to the left (Figure 23A and 
23B). The MW test and KS tests comparing the DMSO control to 
the oryzalin treatment indicated that the differences in the 
median and distribution were statistically different (See Appendix 
III). The same type of analysis was performed on a second 
replicate. The untreated (n=198), had median velocity 0.34 
m/sec (SD 0.49 m/sec) and is skewed to the left (Figure 23C). 
The velocity of the untreated sample was compared to the one 
treated with DMSO. The DMSO sample (n=142), had median 
velocity 0.45 m/sec, (SD 0.36 m/sec) and was skewed to the 
left (Figure 13C).  Further information about the distribution of 
the untreated and DMSO sample can be obtained from the boxplot 
in figure 23D, where it can be seen there is a different pattern in 
the distribution and in the median between the untreated sample 
and DMSO control. KS and MW tests confirm that the two 
distributions are statistically different (See Appendix III). The 
sample treated with oryzalin (n=173) had median velocity 0.46 
m/sec (SD 0.45 m/sec) and skewness 1.9 (Figure 23C). KS and 
MW tests, comparing the control DMSO to the treatment with 
oryzalin, revealed that the differences observed are not significant 
                                                                                                                 Chapter 3 – Tracking 
88 
 
(See Appendix III). A further repetition of the experiment was 
carried out. The third replicate had a smaller sample size (n=66) 
had median 0.92 m/sec (SD 1.04 m/sec) and is skewed to the 
right (Figure 23E). In the control DMSO (n=42) the median 
velocity was 0.65 m/sec (SD is 0.8 m/sec) and the skewness 
was 2 (Figure 23E). In the oryzalin treatment (n=74), the median 
velocity was 0.66 m/sec (SD 0.72 m/sec) and the distribution 
was skewed to the right (Figure 23E). The boxplot representation 
in figure 23F shows the untreated, DMSO and oryzalin treated 
samples behave similarly. The MW and KS test assess that the 
three distributions (untreated, DMSO and oryzalin) and that the 
median were not statistically different (See Appendix III). 
The velocities of single Golgi bodies were plotted for each movie, 
to evaluate if the data acquisition was a source of variability. 
Between movies there was a high variability in either the 
untreated (Figure 24A), DMSO sample (Figure 14B) or sample 
treated with oryzalin (Figure 24C). The second and the third 
replicate show the same pattern (results not shown). 
To understand if there is a trend in the dynamic behaviour of 
Golgi bodies, the three conditions were plotted together (Figure 
25). No trend or population could be seen in any of the conditions, 
and this reflects the high variability in Golgi dynamics, as the 
values of instant velocities shows in Figure 26. 
 
3.2.3.2  Meandering index 
 
The meandering indices (MI) of the untreated sample, the DMSO 
control and specimen treated with the microtubule 
depolymerizing chemical were calculated for each replicate. The 
plots in figure 27A, 27B and 27C show the mean values of the 
meandering index in each condition for the first second and third 
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replicate, respectively. An un-paired t-test unequal variances was 
performed to assess any significant differences. In the first 
replicate (Figure 27A), the MI of untreated sample was 0.76, the 
DMSO control was 0.77 and oryzalin treatment was 0.11. The 
statistical t-test showed that the difference between the untreated 
sample and DMSO is not significant, and the treatment with the 
depolymerizing drug causes a significant reduction of the MI mean 
value compared to the control. In the second replicate (Figure 
27B), the MI of the untreated sample was 0.40, of the DMSO 
sample was 0.47 and oryzalin was 0.50. The differences recorded 
between the untreated sample and DMSO are statistically different 
according to the t-test, but not the treatment with the 
depolymerizing chemical. In replicate 3 (Figure 27C), the mean MI 
of the untreated sample was 0.57, of the DMSO was 0.54 and of the 
sample where the microtubules are disrupted was 0.64. None of 
the differences observed are statistically significant. 
 
3.3. Discussion  
3.3.1 Tracking of fluorescent Golgi bodies 
using the software Volocity. 
 
The fluorescent marking of Golgi stacks combined with time-
series acquisition and object tracking are useful tools to quantify 
and understand the mechanisms guiding and modulating 
organelle movement (Chen et al. 2012).  
A variety of approaches have been used to track organelles.  In 
Madison et al. (2015) the program ImageJ was used for automated 
tracking; some errors can occur in the organelle identification and 
linking between frames and this affected the following analysis of 
the velocity. 
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The Volocity software (Improvision, Image Processing and Vision 
Company; http://www.improvision.com/products/volocity/) 
proved to be an accurate and established tool in tracking the 
fluorescent Golgi bodies (Avisar et al. 2008, Runions et al. 2006). 
The editing of the tracks is possible and necessary to eliminate 
errors arising from repetitions of tracking the same organelle. A 
great advantage of Volocity is that the single tracks are easy to see 
and check at the same time, and the data output contains all the 
parameters of interest (velocity, displacement rate and 
meandering index). 
The characterization of the movement of an object can be done in 
different ways. In Nebenführ et al. (1999) the ‘streaming level’ 
was used, which is calculated as the net velocity multiplied by 
directional factor, average velocity and instantaneous velocity.  
This measurement does not provide information about the 
complexity of the movement; indeed it has been demonstrated 
that Golgi bodies undergo saltatory movement, where rapid 
directional shifts alternate to a reduced motility, a model known 
as stop and go (Nebenführ et al. 1999). Therefore more 
appropriate numerical tools to define the motility profile of the 
organelles have been chosen according to Avisar et al. (2008). 
The settings used in the acquisition of the time series are critical 
especially for the calculation of velocity values (Avisar et al. 
2009); consistency in the protocol analysis and software version 
are also essential to obtain comparable results.  
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3.3.2 The statistical analysis: considerations 
about the method and use of velocity 
values of the replicates to validate the 
approach. 
 
The data were first analysed calculating the descriptive statistics 
such as mean, median and standard deviation and by graphical 
representations, such as histograms and whisker boxplots. 
Initially the mean and standard deviation were considered to 
assess differences between the technical replicates of velocity of 
Golgi bodies recorded at 48 hrs from the infiltration day. In both 
replicates, the standard deviation was quite large, indicating that 
the values were spread far from the mean. The whisker boxplots 
(such as Figure 11C) showed that there was quite a large number 
of datapoints classified as outliers. It can be observed that both 
replicates had a similar spread of the data, in terms of SD and 
outliers (Figure 11C). This led to the conclusion that is not a 
technical error but indicated a high variability in the sample and 
also that the datasets might be non-normally distributed. To 
further investigate this aspect, a graphical display of the datasets 
was created. Histograms show the frequencies with which each 
value occurs in certain ranges (or bin) within the sample. SPSS 
chooses the ranges widths automatically and the length of x/y axis 
according to the dataset. The ranges width were left as calculated 
by the programme to show which categories were more frequent 
under each condition, and the length of the axis was instead 
customised (x axis: 0-4 m\sec; y axis: 0-100%) so that the 
histograms were comparable (Landay and Everitt 2004). It can be 
observed that the shape of the distributions was similar, that the 
datasets were non-normally distributed and positively skewed 
(Figure 11D and 11E), as also indicated by the skewness values in 
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11B. For comparison, a normally distributed dataset is bell-
shaped and symmetrical around the mean and median and the 
skewness is 0. If the distribution of variables is not symmetrical 
about the mean, it is said to be skewed and the statistical 
parameter closer to the central tendency is the median (See 
section 2.8.1 and Figure 7). Therefore, the mean is not an 
appropriate tool to describe Golgi motility. Moreover the median 
is more robust than the mean to outliers (Upton and Cook, 2002). 
This type of distribution also explains why the standard deviation 
was large and led to the consideration that the data classified as 
outliers in the whisker boxplot display (Figure 11C) were actually 
valid data. Extreme outliers in the whisker boxplot are values 
three times bigger than the interquartile range and can represent 
errors (See section 2.8.1 and Figure 8). The extreme outliers of the 
whisker boxplot 11C were compared to the histograms 11D and 
11E. The data classified as outliers in the whisker boxplot are 
located at the tail of the distribution therefore they are not errors 
and are part of the distribution. 
 
Other methods of analysis include a general linear model analysis 
followed by Scheffé multiple comparison test (Avisar 2012). The 
general linear model is the combination of the regression, which 
explores the relation between variables in such a way that one 
variable can be used to predict the other, and analysis of variance; 
the post hoc Scheffé test is performed for comparing the mean 
values (Freund and Wilson 2003). A quantification of the 
differences is represented as bar chart of the mean (Avisar et al. 
2008) or relative mean (Avisar et al. 2009). All these types of 
analysis assumes that the distribution of the sample is normal and 
is based on the comparison of the mean, therefore is not 
appropriate for a skewed dataset.  
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Another approach found in the literature to determine whether 
differences were statistically significant, is the Kolmogorov–
Smirnov (KS) test executed via FORTRAN (Sparkes at al 2009). 
FORTRAN is a programming language used to automate the 
analysis and translate it in more user-friendly language (IBM-
FORTRAN 2011). The statistical test used in this paper is 
appropriate to explore a non-normally distributed dataset as will 
be explained later in this chapter. Access to this programme was 
not available so an alternative source to run the statistical analysis 
was used. SPSS is a statistics software package used for complex 
analysis; with this program it was possible to perform and further 
implement the analysis of the dataset. 
Non-normally distributed datasets can be compared using non-
parametric tests (Kitchen 2009). Based on a literature review 
(Avisar et al. 2009, Sparkes et al. 2008), the KS test was chosen. 
The Kolmogorov-Smirnov two sample test compares the 
cumulative frequency distributions of two uneven and non-
normally distributed datasets per time. It also detects any 
difference in dispersion and skewness, furthermore it detects 
differences in the shape of the distribution so it is a suitable 
statistical tool to analyse the distributions like that of the velocity. 
As discussed previously, the distribution of replicates for the 
velocity values have the same shape and the central tendency is 
close to the median. Mann-Whitney (MW) was additionally used 
to assess differences between distributions with the same shape 
and differences between the median (Anon 2016) and confirm the 
results obtained with KS test. Both tests start from the hypothesis 
that there are no differences (null hypothesis) between the two 
datasets and the significant value is set p= 0.05. If the significance 
value lower is than the p-value (p<0.05) the two distributions are 
statistically different and the null hypothesis is rejected; if the 
significance value is bigger than p-value (p>0.05), the null 
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hypothesis is retained meaning that there are no differences 
between the two distributions.  
 
An additional approach was tested in analysing the data. The 
repetitions were pooled together with the aim to increase the 
sample size and possibly decrease the standard deviation. When 
the analysis of the dataset constituted by the two replicate was 
performed, the data remained highly spread around the mean and 
the distribution positively skewed. As can be seen in the graphical 
representation of the dataset (Figure 12B), the shape of the 
distribution remains the same and the long tails becomes heavier; 
this can be more appreciated in the whisker boxplot 12C where 
more values are present beyond the whisker fences. This suggests 
that the sum of two distribution of this shape determines the 
increase of extreme and less frequent values, therefore not giving 
any additional information about the main core of the data. As can 
be observed from any of the frequency histograms (e.g. Figure 
11D) the distribution of the sample was not symmetrical around 
the median but was skewed towards the left, where the most 
frequent values were recurring in the range of velocity < 2 
m/sec. The long tail at the right contains the least frequent 
values of the sample, which are far from the central core of the 
distribution. The distribution was similar across all the samples 
indicating that is a feature of the dynamics of Golgi bodies. These 
histograms of frequencies are indicating that Golgi bodies tend to 
acquire a restricted range of velocity values, and within this range 
there is distinct peak that falls between 0 m/sec and 0.05 
m/sec. 
This led to the conclusion that, despite the highly dynamic nature 
of the organelle, there is a trend in the most frequent velocity that 
they can have. 
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A further observation about the distribution needs to be made. 
According to the stop-and-go model, Golgi bodies alternate 
between rapid directional movement with periods of pausing or 
limited movement (Nebenführ at al 1999). These two classes of 
movement were expected to be observed in the pattern of the 
distribution of the velocity as a bimodal distribution, where two 
peaks are present, one representing the rapid movement and one 
the pausing. All the frequency histograms show that the 
distribution is unimodal, that is has only one peak. This might be 
explained by the fact that the population of Golgi bodies in a cell 
shifts from directional movement to wiggling movement not at the 
same time. Golgi bodies are involved in different processes and 
this may reflect the dynamic nature of the organelle. It can be also 
commented that the velocity values calculated by the software 
Volocity are mean values and this might leverage the variations in 
the velocity along a track.  This can be appreciated looking at the 
instantaneous velocity, which is the velocity that the Golgi stacks 
at a certain time. The values of velocity largely vary within the 
track (Figure 26). 
 
The statistical analysis carried out represents a novel approach to 
the analysis of the movement of Golgi bodies. The representation 
of the datasets should include histograms, boxplot and CDF curves 
since they all convey a different piece of information and taken 
altogether provide a complete representation of the processes 
involved. Histograms provide a visual representation of the 
distribution and show any shift or change in the distribution 
shape and the position of the median and most frequent values 
categories. Moreover, they permit the highlighting of errors in the 
dataset, such as in Figure 17B. CDF graphs are useful understand 
the differences between the control and treatment curves and 
support the result of KS test. 
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Box plots are valid tools to compare the position of the median 
and the dispersion of the values, and to identify errors as shown 
in figure 17C. Additionally, boxplots allow one to appreciate 
differences in the medians and visually confirm the Mann-
Whitney test results. The combination of the software Volocity 
and these two tests constitutes a more complete approach to the 
analysis of organelle dynamics. 
 
The statistical analysis of the velocity measurements in untreated 
samples  
demonstrated that the biological system is highly variable and this 
can be due to growing conditions is the greenhouse and biological 
variability between seeds and plant stages; a larger number of 
samples and more repetitions of the experiments could provide 
more consistent data. 
The tracking approach revealed a high variability in Golgi 
dynamics:  these organelles alternate between rapid linear 
motions and pauses, in which they are wiggling around a position 
for a variable period of time (Nebenfuhr et al. 1999). The 
directional motion of Golgi bodies is mainly dependent on an 
intact actin cytoskeleton (Akkerman et al. 2011). It has been 
suggested that Golgi body movement is correlated with the 
insertion of the cellulose complex CesA into the plasma membrane 
(Crowell et al. 2009); it has also been suggested that Golgi bodies 
stop in contact with ER exit sites, increasing the efficiency of the 
traffic between the two compartments (Nebenfuhr et al. 1999, 
Hamada et al. 2012) but with no evidence shown in the paper. 
However, micromanipulation of Golgi bodies in Arabidopsis leaf 
epidermial cells has shown that the Golgi bodies are physically 
associated with the endoplasmic reticulum (Sparkes et al. 2009), 
almost certainly at the ER exit sites thus the stop and go model of 
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Golgi stopping at the exit sites is unlikely to be correct (Robinson 
et al. 2015). These evidences suggest that different factors are 
regulating the movement of Golgi bodies. 
 
3.3.3 Absence of actin filaments 
 
3.3.3.1 Velocity 
 
From the disruption of actin filaments, the main guides for Golgi 
bodies, a change in the shape of the velocity distribution would be 
expected. The comparison between the DMSO control (Figure 
14B) and the treated sample (Figure 15B) showed that the 
distributions are comparable and this might indicate that there 
are other forces acting on the Golgi bodies. 
A decrease in the number of the histograms bars and increase of 
their width indicate that the categories of values are reduced, as 
well as the whole range of the data. The same is shown by the CDF 
graphs (Figure 18D) where the latrunculin B curve is shifted 
towards smaller values of velocity and the curve is extending in a 
smaller range. These results confirm what have been already 
reported by Akkerman et al. (2011), that actin filaments represent 
the fast lane on which the organelles move. When disrupted, the 
organelles keep moving, but slower, and acquire a limited range of 
velocity values. 
The movement of Golgi bodies on actin filaments is also regulated 
by the molecular motor protein myosin XIK (Avisar et al. 2008). 
The expression of the truncated non-functional version of this 
protein results in a reduction of the velocity of Golgi bodies but 
the effect is less severe than the treatment with latrunculin B. In 
the presence of the mutated myosin XIK and intact actin filaments, 
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the organelles keep on moving but more slowly; this suggests that 
the displacement of the organelles in the cytoplasmic space is 
guided by several cooperating factors. It cannot be excluded that 
the movement is dependent on native myosins present in the cells, 
which can form dimers of native motor proteins or dimers 
composed of the native myosin and the mutated versions; the 
remaining movement could be also due to myosins with 
redundant function (Sparkes 2010b). 
 
3.3.3.2 Displacement rate 
 
The frequency histograms of the displacement rate have a 
logarithmic distribution. In plant physiology, the log-normal 
distribution fits the permeability and solute motility in plant 
cuticles (Baur 1997). Log-normal distributions are generated by 
processes that involve more than one dimensional measurement, 
like for example volume and surfaces areas (Limpert et al. 2001) 
and, similarly is observed for Golgi displacement rate and velocity. 
Previously, velocity and displacement rates have been described 
using the means (Avisar et al. 2008), which is an appropriate 
statistical tool to describe a dataset normally distributed; in 
Limpert et al. (2001) it is suggested that dataset with a Log-
normal distribution should be “back-transformed” applying the 
exponential function. The back-transformation of the 
displacement rate and velocity datasets was attempted. As in 
Figure 19 demonstrates, applying the transformation to the 
displacement rate dataset was effective in rendering the 
logarithmic distribution into a normal one. Normally distributed 
datasets can be analysed using conventional analysis such as t-test 
(for a pair of samples) or ANOVA (for multiple comparison) The 
major limitation to the use of these tests is that they can be 
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performed only on equal size samples, while the datasets that 
were recorded have unequal sample size due to different number 
of Golgi bodies in each movie. Additionally, the analysis carried on 
velocity values so far was on the original un-transformed datasets 
(Avisar et al. 2009) and a consistent approach needs to be 
maintained.  
 
Initially, the untreated sample was compared to the sample 
treated with DMSO at 10 m/ml to understand if the solvent had 
an effect on the displacement rate of the Golgi bodies. Statistical 
analysis demonstrated that the DMSO data can be comparable to 
the untreated conditions; therefore the treatment with the DMSO 
was used as control in further experiments. The depolymerizing 
agent latrunculin B resulted in a severe reduction of the range of 
movement of Golgi bodies (Figure 18B, 18C and 18D); the range of 
displacement rate in depolymerizing conditions was 8 times less 
than the untreated sample (Figure 18A). The estimate of the 
relative median indicates that, when actin filaments were 
disrupted, the linear distance travelled was less than one tenth of 
the linear distance calculated when actin filaments were intact 
(Figure 18F). This confirmed that the actin arrays provide the 
main tracks for the long distance directional movement, and when 
actin filaments are depolymerised, the organelles do not have 
directional and short distance residual movement (Figure 11A 
and 22A) which has been already observed and defined as 
wiggling or saltatory (Boevink et al. 1998b, Nebenführ et al. 
1999). The residual movement had a logarithmic distribution 
(Figure 18B), which is similar to that obtained from the control 
(Figure 16C), and this might indicate that Golgi bodies are 
involved in multiple processes and that actin filaments might not 
the only mechanism to regulate Golgi dynamics. This is 
accordance with what was obtained from the analysis of the 
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velocity (See section 3.3.3.1). It could be hypothised that the 
wiggling or saltatory movement is dependent on microtubules or 
residual stubs of depolymerised actin. There is also the possibility 
that the residual movement is random Brownian motion 
(Nebenführ et al. 1999). 
These results are in line with Avisar et al. (2009) where it was 
shown that the disruption of actin filaments significantly perturb 
the dynamics of Golgi bodies. In this work the effect of latrunculin 
B was compared to the effect of the expression of a non-functional 
myosin XIK, an actin motor protein participating in the movement 
of Golgi bodies (Avisar et al. 2008) 
In N. tabacum, the expression of a non-functional tail domain of 
XIK cause a significant reduction of the displacement rate, but less 
severe than the treatment with latrunculin B (Sparkes et al. 2008) 
as the relative mean also indicates ( Avisar et al. 2008).  
This result led to the conclusion that the directional translocation 
of Golgi bodies is regulated by proteic motors and actin filaments 
play a major role. 
3.3.3.3 Meandering Index 
 
The analysis of velocity and displacement rate required the use of 
CDFs to provide a visual representation of the distribution of the 
dataset and make it possible to appreciate any change in the shape 
of the distribution. A different graphical representation is used for 
meandering index because the values vary in the range of <1. 
Indeed, the resulting CDF curve would approximate linear 
function and CDF plots would not provide any additional 
information to the relative mean. The datasets are normally 
distributed, therefore an unpaired t-test unequal variances was 
used to assess the differences between the conditions.   
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The bar chart in figure 20 shows that DMSO has no effect on the 
meandering index, as proved also for the velocity and 
displacement rate, and the treatment with the actin 
depolymerising agent gives a drastic reduction of the relative 
meandering index (Figure 21) suggesting that the residual 
movement is more saltatory. From movie frames in figure 22 it 
can be confirmed that Golgi bodies oscillate around a position 
when the actin filaments are absent (movie 2). 
Golgi bodies in cells expressing XIK-tail have lower meandering 
index than the control cells. Thus the effect on the meandering 
index is not as severe as the depolymerisation of actin (Sparkes et 
al. 2009). 
 
3.3.3.4 Final considerations about the effect of 
actin filaments on the whole dynamic of 
Golgi bodies 
 
The study of the depolymerisation of actin filaments on Golgi body 
dynamics gives an insight into the mechanisms propelling and 
regulating the movement. 
In cells deprived of the actin framework, the velocity relative 
mean of the organelle drops by 25% compared to DMSO (Figure 
15E) and the categories of velocity values are restricted. 
This indicates that Golgi bodies are still moving but slower than in 
presence of actin arrays; it can be suggested that actin filaments 
have a major role in supporting the active flow of Golgi bodies but 
are not the only components to be involved. A comparison with 
the mutants expressing the actin motor proteins myosin XIK 
shows that they are also involved in sustaining the velocity of 
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these organelles but lo less extent compared to actin network 
(Sparkes et al. 2008). 
The displacement rate analysis shows that the relative mean of 
the displacement rate drops by 85% compared to DMSO (Figure 
18E) and, as observed for the velocity, the categories of possible 
values are less (Figure 18B). The residual movement is only on a 
short distance, meaning that the actin arrays have a key role on 
maintaining the long distance translocation and that this last is an 
active process rather than a passive flow. To support this last, the 
expression of non-functional truncated motor proteins XIK causes 
a reduction of the displacement rate as well ( Sparkes et al. 2008). 
The meandering index allows a better analysis of the type of 
movement of Golgi bodies. The absence of actin filaments results 
in a reduction by 80% of in the meandering index, meaning that 
movement is less unidirectional and more saltatory (Figure 11). A 
similar pattern was observed when the truncated myosin XIK is 
expressed, but they determined a minor reduction of the 
meandering index rates compared to the absence of actin 
filaments (Sparkes et al. 2008) suggesting that the movement is 
not totally depending on myosins motors. Taken altogether, the 
data indicate that actin filaments provide the main network on 
which Golgi bodies move rapidly and directionally. Indeed the lack 
of the actin network determines the loss of the long distance 
translational movement and an increase of a slower saltatory 
dynamics; myosin motor proteins are also involved in sustaining 
the intracellular trafficking on the intact actin filaments.  
When the actin filaments are depolymerized, Golgi bodies do not 
stop completely but a residual mobility is left. This could depend 
on stubs of actin filaments that remain intact after the treatment. 
The depolymerisation of actin filaments labelled with either 
FABD2-GFP or Lifeact-GFP (Figure 32 and Figure 34, respectively) 
revealed that even after a long incubation with the 
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depolymerizing drugs, small parts of actin filaments are present. 
As described in Chapter 4, the effect of labelling of actin filaments 
perturbs the structure of the cytoskeleton and has an impact on 
Golgi body dynamics (Figure 30). It can not be excluded that the 
labelling has a stabilizing effect on actin filaments, which explains 
why parts of the arrays are still present after a prolonged 
treatment. 
However, another possibility is that the residual movement of the 
organelles is driven by microtubules. The involvement of 
microtubules in the Golgi bodies dynamics discussed in the next 
sections. 
 
3.3.4 Absence of microtubules 
 
3.3.4.1 Velocity    
 
To understand the role of the microtubules in the regulation of the 
motility of Golgi bodies, an analysis of the velocity measurements 
was performed after microtubule depolymerisation and compared 
to the untreated condition, when microtubules were intact. 
Results from the first replicate showed that the DMSO had no 
effect and the depolymerisation of microtubules resulted in a 
small but significant reduction of the velocity of Golgi bodies 
(Figure 23B). However, the outcomes of the second replicate were 
not in accordance to the first. The DMSO had an effect and it was 
not different from the sample treated with oryzalin (Figure 23D). 
A third replicate was carried out to investigate further these 
results and neither of the treatments showed a significant effect 
(See Appendix III). Based on the results from previous 
experiments, the DMSO treatment at a concentration of 10 μl/ml 
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had no effect on the velocity and displacement rates of Golgi 
bodies (See Appendix III); the concentration used in the 
experiment to study the absence of microtubules was 10 times 
lower so an effect was not expected.  
If we take into consideration the differences between the DMSO 
control and the treatment with oryzalin, a clear conclusion about 
the effect of the microtubules depolymerisation on Golgi body 
dynamics cannot be drawn. 
 
The velocities of single Golgi bodies were plotted for each movie, 
to evaluate if the movies acquisition is a source of variability and 
the three experimental conditions (untreated, control and treated 
with depolymerizing chemicals) were plotted together to 
understand if is there is a trend in the dynamic behaviour of Golgi 
bodies. No trend or population can be highlighted in any of the 
conditions, and this reflects the high variability in Golgi dynamics. 
The outcomes from the depolymerisation of microtubules give an 
indication that the measurements performed by the software 
Volocity are not sensitive enough to pick up small changes in the 
fast movement of the organelles. The velocity estimated as 
average of the velocity of the organelles over the whole track; this 
means that any change in the velocity would be levelled in the 
calculation of the average. This might explain why no differences 
are recorded between the controls and the treatment with the 
depolymerizing chemical. Instant velocities (Figure 26) related to 
positions of labelled microtubules could provide a more accurate 
and useful estimate of any modulation of the velocity in proximity 
of the microtubules.  
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3.4.2 Meandering index 
 
The procedure to statistically analyse the displacement rate is the 
same as the analysis of the velocity values. The averaging of the 
track velocity results in a loss of information and it becomes clear 
that, to understand the role played by the microtubules in 
regulating the Golgi body movement, the track velocity is not an 
accurate tool. The same reasoning can be applied to the 
displacement rates, and for this reason the analysis of this 
parameter is not performed since would give not accurate and 
relevant results.  
To understand if there is a variation in the complexity of the 
movement and if the variability pattern of the results is conserved 
throughout all the parameters, the meandering index 
measurements were analysed. Similarly to the results obtained 
from the analysis of the velocity, a conclusion about the 
participation of the microtubules to the dynamics of Golgi bodies 
cannot be drawn. 
 
3.5 Actin filaments and microtubules: an 
overall discussion 
 
Live cell imaging of Golgi bodies with the use of software Volocity 
and statistical analysis are promising tools to understand the 
mechanisms underlying the movement regulation. 
When actin filaments are disrupted, the whole dynamics of the 
organelle drastically change. The velocity and displacement rates 
are reducedwhile meandering index increases, indicating that 
actin filaments are the main arrays on which Golgi bodies travel at 
high speeds and directionally. 
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Unfortunately, conclusions could not be drawn when 
microtubules are absent. The Volocity software computes the 
average values of velocity, displacement rates and meandering 
index of the entire track; this means that information about 
changes of dynamics over a short time (like pausing or slowing 
down) are lost in the averaging calculation. A possible solution is 
to obtain the parameters values for each time frame, to get closer 
to instant changes in the behaviour of the organelle. 
The components of the cytoskeleton are connected and cross-talk 
(Schneider and Persson, 2015) and several proteins are involved. 
For instance the protein family of formins (FH) is composed of 
transmembrane proteins that nucleate and modify actin and are 
localized in the plasma membrane. AtFH1 was found to bridge 
between the cell wall and the actin cytoskeleton (Martinière et al. 
2011) and AtFH4 proved to  interact with both microtubules and 
actin filaments (Deeks et al. 2005) and these perhaps should also 
be assessed when analysing Golgi dynamics. The microtubule 
motor kinesin-14 can interact with both actin and microtubules, 
acting as a bridge between them (Schneider and Persson, 2015). 
This evidence indicates that, when one component of the 
cytoskeleton is disrupted, the remaining filaments might be 
affected. The tracking results should be reinterpreted as providing 
information about the remaining intact filaments. 
Tracking techniques could be combined to the study of non-
functional mutants of cytoskeletal molecular motors and proteins 
bridging the microtubules and actin filaments (e.g. Formins) to 
give a more accurate description of the regulation of the 
organelles trafficking. Additionally, the values of the Golgi body 
velocity in correspondence of microtubules can provide key data 
about how microtubules regulate the organelle motility. 
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Figure 11.  
Velocity data of fluorescent Golgi bodies, in untreated 
samples, recorded at 48 hrs from the infiltration of ST-GFP. 
 
Tobacco plants were transiently transformed with the Golgi 
marker ST-GFP and the movement of the fluorescent organelles 
was studied after 48hrs from the infiltration event. The velocities 
values of the repetitions were compared. 
 
A: Tracks of fluorescent Golgi bodies. Scale bar 3 μm. See also 
movie 1. 
B: Descriptive statistics of the untreated sample.  
C: Whisker boxplot comparing two replicates. The red line 
indicates that there are significant differences between the 
distributions. (*) Outliers; () extreme outliers. 
D and E: Histogram showing the distribution of the frequency of 
the velocity values (dotted red line is representing the median, 
dashed black line mean) of the replicates. 
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Figure 12. 
Statistical analysis of the sum of replicates (untreated 
sample) of Golgi bodies velocity data recorded at 48 hrs from 
the infiltration of ST-GFP. 
 
Tobacco plants were transiently transformed with the Golgi 
marker ST-GFP and the movement of the fluorescent organelles 
was studied after 48hrs from the infiltration event; the velocities 
values of the repetitions were summed and a statistic analysis 
performed.  
 
A: Descriptive statistics of the sample.  
B: Histogram showing the distribution of the frequency of the 
velocity values (dotted red line representing the median). 
C: Whisker boxplot of replicate 1, replicate 2 and sum of the 
replicates. (*) Outliers and () extreme outliers. 
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Figure 13. 
Statistical analysis of the velocities of Golgi bodies, in 
untreated samples, recorded at 72 hrs from the infiltration of 
ST-GFP. 
 
The Golgi fluorescent marker ST-GFP was transiently expressed in 
tobacco plants and the movent of the organelles was recorded 
after 72 hrs from the infiltration event. Three replicates are 
compared. 
 
A: Descriptive statistics of replicate 1, replicate 2 and replicate 3. 
B, C, D: Histogram showing the distribution of the frequency of 
the velocity values (dotted red line is the median) of replicate 1, 2 
and 3. 
E: Whisker boxplot comparing replica 1, replica 2 and replica 3. 
The red line indicates that there are significant differences 
between replicates. 
(*) Outliers and () extreme outliers . 
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Figure 14. 
Comparison between the velocity dataset of fluorescent Golgi 
bodies in untreated sample and treatment with DMSO (10 
l/ml).  
 
A: Descriptive statistics. 
B: Histogram representing the distribution of the frequency of 
velocity values after treatment with DMSO. 
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Figure 15. 
Comparison of Golgi bodies velocity dataset following the 
treatment with 10 l/ml DMSO and 25 M latrunculin B.  
 
The velocity values of Golgi bodies treated with the control 
compound and the cytoskeleton disrupting agent are statistically 
analysed and compared. 
 
A: Descriptive statistics of the DMSO control and sample treated 
with latrunculin B. 
B: Histogram representing the distribution of the velocity 
frequency values after treatment with latrunculin B.  
5C: Whisker boxplot comparing DMSO to latrunculin B. The 
differences are statistically different as indicated by the red line. 
(*) Outliers and () extreme outliers. 
D: CDF of velocity values comparing the DMSO (green line) and 
latrunculin B treatment (blu line). The distributions are 
significantly different as results from KS test (See Appendix III) 
and indicated by the asterix. 
E: Bar-chart of velocity relative median. The treatment with 
latrunculin B is expressed as percentage of the DMSO control. The 
differences are significant as results from MW test and indicated 
with the asterix (See Appendix III). 
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Figure 16. 
Statistical analysis of the displacement rates of Golgi bodies.  
Comparison between the untreated sample and treatment 
with 10 l/ml DMSO.  
 
A: Descriptive statistics of the displacement rates of the untreated 
sample and DMSO. 
B: Histogram showing the distribution of the displacement rates 
in the untreated sample. The median (red dotted line) and mean 
(black dashed line) are represented. 
C: Histogram showing the distribution of the displacement rate in 
DMSO sample. 
D: Boxplot comparing the displacement rates of the untreated 
sample and DMSO. (*) outliers and () extreme outliers. The 
median values are not statistically different as assessed by MW 
(See Appendix III). 
E: CDF graph displaying the curve of the untreated sample (black 
line) and DMSO (green line). The two distributions have similar 
shape and are not statistically different as assessed by the KS test 
(See Appendix III). 
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Figure 17. 
Statistical analysis of the displacement rates of fluorescent 
Golgi bodies. Comparison between treatment with 
latrunculin B and the DMSO control (10 l/ml).  
 
A: Descriptive statistics of the sample treated with latrunculin B 
and the control DMSO. 
B: Histogram representing the distribution of the displacement 
rates in the actin-depolymerised sample. The red arrow highlights 
the out-layer point excluded from the dataset. 
C: Boxplot comparing the latrunculin B treated to the DMSO 
control sample. The red box is highlighting the outlier point 
excluded from the dataset. 
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Figure 18.  
Statistical analysis of the displacement rates of Golgi bodies. 
Comparison between the DMSO control (10 l/ml) and 
treatment with latrunculin B (edited dataset). 
 
A: Descriptive statistics of the displacement rate of samples 
treated with latrunculin B (an extreme outlier excluded from the 
analysis) and DMSO control. 
B: Histogram representing the distribution of the displacement 
rate values of the sample treated with the actin-depolymerising 
agent. An enlarged graph was generated (below) to better 
appreciate the distribution of the data. 
C: Whisker box-plot of the displacement rate of DMSO and 
latrunculin B treatment. 
D: CDF curves of DMSO (green line) and latrunculin B (blue line). 
The differences in the distribution are significant as results from 
the KS test (See Appendix III). 
E: Relative median of the displacement rate of latrunculin B 
treated sample compared to DMSO control. As the MW test results 
(See Appendix III), the differences are significant. 
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Figure 19. 
Transformation of the non-normally distributed 
displacement rate dataset into a normally distributed 
dataset. 
 
A logarithmic function is applied to the displacement rate dataset 
to transform the non-normally distributed dataset into a normally 
distributed one.  
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Figure 19.  
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Figure 20. 
Bar-chart of meandering indexes mean values. 
 
The meandering index mean value of the untreated sample is 0.47 
(purple bar) and is similar to the mean of DMSO 0.49 (green bar). 
The difference between the untreated sample and the control is 
not significant. Instead there is a significant difference between 
the mean of DMSO and the mean of the sample treated with the 
depolymerizing chemical latrunculin B (blue bar). Differences 
assessed with t-test, significance level set at p<0.05. 
 
Figure 21. 
Bar-chart of the relative meandering index values. 
 
The meandering indexes of the sample treated with latrunculin B 
is expressed as percentage of the DMSO control. Treatment with 
the depolymerizing chemical determines a drop of the MI by 80%. 
As assessed by the unpaired t-test for unequal variances (p<0.05) 
the variation in the MI is significant. 
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Figure 21. 
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Figure 22. 
Snapshot of tracks generated by the software Volocity. 
 
Image showing the tracks of fluorescent Golgi bodies when the 
actin filaments are disrupted. The organelles lose their directional 
movement and their tracks are short, and develop around the 
initial position. Scale bar 3 μm. 
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Figure 22. 
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Figure 23. 
Statistical analysis of the velocity values of fluorescent Golgi 
bodies recorded at 72hrs from the infiltration of organelle 
marker. Comparison between untreated sample, treatment 
with oryzalin and the DMSO control (1 l/ml) of two 
replicates. 
 
A: Descriptive statistics of the velocity of the untreated samples, 
and samples treated with oryzalin and DMSO control of the first 
replicate. 
B: Whisker-boxplot of the velocity values of replicate 1. The red 
line indicates that the control and the treatment with oryzalin are 
significantly different according to MW and KS test (See Appendix 
III). 
C: Descriptive statistics of the velocity of untreated samples and 
treated with oryzalin or DMSO of the second replicate. 
D: Whisker-boxplot of the velocity values of the second replicate. 
The red line indicates that the control and the treatment with 
oryzalin are significantly different according to MW and KS test 
(See Appendix III). 
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Figure 23  
Statistical analysis of the velocity values of fluorescent Golgi 
bodies recorded at 72hrs from the infiltration event. 
Comparison between untreated sample, treatment with 
oryzalin and the control 1 l/ml DMSO of the third replicate. 
 
The analysis of the first two replicates of this experiment showed 
that results are not consistent. A third replicate is performed and 
analysed. 
 
E: Descriptive statistics of the velocity values of the third replicate. 
F: Boxplot comparing the dataset of the untreated sample, DMSO 
control and treatment with oryzalin. None of the treatments are 
significantly different from the untreated sample. 
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Figure 24. 
Scatter plots of the velocity values of Golgi bodies divided by 
movies. 
 
To understand if the source of variability of Golgi bodies 
movement is due to an error in the acquisition of the movies, the 
velocity values were plotted separately for each movie. (A) 
untreated sample, (B) DMSO control and (C) oryzalin treatment. 
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Figure 25. 
Scatter plot of the velocity values of the untreated sample, 
DMSO control and treatment with oryzalin. Data pooled 
altogether. 
 
The velocity values of each dataset (untreated, DMSO and 
oryzalin) were plot altogether to detect any trend. Untreated 
sample (black square), DMSO (blue triangles), oryzalin (green 
circles). 
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Figure 25. 
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Figure 26. 
Snapshot showing the track of a Golgi body and the values of 
instant velocity. 
 
The software Volocity can calculate the value of the velocity for 
each time point. 
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Figure 27. 
Histogram representing the meandering index (MI) of the 
three replicates. 
 
The meandering indexes are reported for the untreated sample, 
the DMSO control and treatment with the microtubule 
depolymerizing drug. The red line indicates significance. 
In the first replicate, there are significant difference between the 
DMSO control and the oryzalin treatment (A); in the second 
replicate the untreated sample is statistically different from the 
control (B) and in the third replicate there are no differences 
between any of the samples (C). 
  
                                                         Chapter 3 – Tracking 
141 
 
Figure 27. 
 
                                                                                                         Chapter 4 – Chromobody 
142 
 
4 An alpaca nanobody 
labels efficiently the plant 
cytoskeleton in vivo  
 
 
4.1 INTRODUCTION 
 
 
In plant cells, the cytoskeleton is a complex and dynamic 
filamentous scaffold formed by actin filaments and microtubules, 
which is present at the cortex of the cell and sustains the 
cytoplasmic flow of organelles (Avisar et al. 2009, Shimmen and 
Yokota 2004).  The actin filaments can form higher order 
structures known as actin-bundles; fluorescent labeling of the 
actin network have revealed that actin bundles and fine filaments 
have different fluorescence intensity, resistance to 
depolymerizing agents and dynamics. Bundles are brighter, more 
stationary over time and depolymerize slower whereas fine 
filaments have faint fluorescence, are more dynamic and 
depolymerize rapidly (Henty-Ridilla et al. 2013). 
 
Different labeling strategies have been developed to study the 
organization and dynamics of actin filaments in plants both in vivo 
and in fixed tissue. The expression of fluorescent G-actin 
monomers itself did not prove to be efficient because most of it 
stays in monomeric form diffused in the cytoplasm, resulting in a 
strong fluorescent cytoplasmatic background (Lemieux et al. 
2013). Actin binding proteins (ABPs) however are involved in 
regulating the organization and assembly of actin filaments and 
therefore are good marker candidates (Higaki et al. 2007). The 
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actin binding domain of different ABPs have been fused to 
fluorescent proteins and expressed in plants. Lifeact is a 17 amino 
acid peptide from the yeast protein Abp140 that decorates 
filamentous-actin (F-actin) (Riedl et al. 2008). In Arabidopsis 
thaliana Lifeact fused to the fluorescent protein Venus reduces the 
rearrangement of the actin-cytoskeleton and favours the bundling 
in a concentration-dependent manner (van der Honing et al. 
2010). 
One of the two actin-binding domains of the A. thaliana fimbrin1 
protein (AtFIM1) was also fused to GFP and labels the fine actin 
dynamic scaffold in different species and cells, and this is the only 
fluorescent marker derived from plant ABPs (Sheahan et al. 
2004). Thus, the visualization of the cytoskeleton with actin 
binding fluorescent proteins is based on protein-protein 
interactions. Other staining methods based on chemical binding 
have often been used such as fluorescent phalloidin  
(Vandekerckhove et al. 1985). Phalloidin is a toxin extracted from 
death cap Amanita phalloides and binds and stabilizes F-actin. 
Phalloidin conijugated to the fluorescent dye rhodamine, 
selectively stains actin filaments in permeabilized and fixed plant 
cells. Phalloidin-rhodamine staining is also effective in unfixed 
cells but favors the formation of bundles (Sonobe and Shibaoka 
1989). 
All of the fluorescent reporters available so far depict a very 
differing organization of the actin network. This may be due to a 
preferential binding to fine actin filaments rather than bundles or 
because the marker is derived from an actin-bundling protein, 
therefore causing the aggregation of actin filaments. Considering 
that the actin-cytoskeleton is a continuously rearranging scaffold 
that provides tracks for movement and positioning of diverse 
organelles such as Golgi bodies (Akkerman et al. 2011), a more 
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reliable and less interfering fluorescent marker is needed for in 
vivo imaging.  
Nanobodies have been proven to be advantageous in detecting 
intracellular structures. They consist of the smallest functional 
domain of a heavy chain-only antibody isolated from Camelidae 
sera (De Meyer et al. 2014) (Figure 3). Because of their small size, 
solubility and stability it is possible to use them in heterologous 
systems. In contrast to the flat or concave antigen binding site of 
conventional antibodies, nanobodies display a convex 
conformation and preferably bind 3D epitopes  (Muyldermans 
2001, Panza et al. 2015), allowing binding into otherwise 
inaccessible clefts and pockets (Desmyter et al. 1996). They also 
can be fused to fluorescent proteins to detect and label cell 
structures in vivo (Olichon and Surrey 2007).  When the nanobody 
gene is cloned and conjugated to a fluorescent protein, it is called 
“chromobody” (Figure 3). The Actin-Chromobody® (ChromoTek, 
Martinsried, Germany) allows detection of real-time changes in 
the cytoskeleton of various animal cells lines (Panza et al. 2015, 
Rothbauer et al. 2006) 
 
In this study the commercially available Actin-Chromobody® was 
modified (ChromoTek, Martinsried, Germany) and used for 
visualizing actin-cytoskeleton in tobacco leaf cells and studying 
the impact on Golgi bodies and actin filaments. 
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4.2 Results 
 
4.2.1 In planta expression of the actin-
chromobody and evaluation of the impact 
on cytoskeleton dynamics. 
 
 
Agrobacterium tumefaciens was transformed with constructs 
fusing the antibody sequence with both N- and C-terminus 
fluorescent protein tags (Figure 5) and Nicotiana tabacum leaves 
were infiltrated with the transformed agrobacteria, either on their 
own or with the Golgi marker ST-GFP.  
In various mammalian cell lines the C-terminal fusion allowed 
expression and actin targeting of the chromobody   
(http://www.chromotek.com/products/chromobodies/actin-
chromobodyr) whereas in plant cells the nanobody C-terminal 
fusion remained cytosolic (Figure 28,1A) and localizes in the 
nucleoplasm (Figure 28,1C), which is common for cytosolic 
fluorescent proteins (Brandizzi et al. 2002). Since the cytoplasmic 
fluorescent pattern is very similar to that of the endoplasmic 
reticulum, actin-Cb-YFP was co-expressed with the ER marker 
GFP-HDEL. The fluorescent nanobody and the ER marker do not 
co-localize, confirming that the antibody is in the cytoplasm 
(Figure 28, 1B). 
The localization of the N-terminus fusions to different 
fluorophores (GFP and YFP) was compared. The N-terminal YFP 
clearly labelled actin filaments (Figure 28, 2A-C) and N-terminal 
GFP-fusion decorates the actin filaments in a comparable manner 
(Figure 28, 3A-C). To determine optimal expression conditions 
that would allow investigation of actin dynamics as well as 
providing sufficient expression levels for visualization, tobacco 
leaves were infiltrated with three different concentrations of 
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Agrobacterium tumefaciens for either constructs: OD600 of 0.1, 
0.05 and 0.01 with 0.1 being the standard infiltration OD. When 
YFP-Actin-Cb was expressed at the highest OD of 0.1, it resulted in 
major bundling of actin filaments (Figure 28, 2A) and the lowest 
OD of 0.01 mainly bound to thicker actin bundles (Figure 28, 2C 
and 3C). The OD of 0.05 for YFP N-terminal fusion labelled both 
thicker filaments as well as finer ones (Figure 28, 2B and 3B) and 
was therefore chosen for follow-up experimentation. In general at 
OD 0.05 what appeared to be a more complete overview of the 
actin cytoskeleton with thick bundles and thinner filaments was 
obtained compared to that with Lifeact expression (Figure 29). 
For GFP-Actin-Cb, at OD of 0.1 and 0.05, actin filaments were 
decorated but cytoplasmic fluorescence was detected (Figure 28, 
3B and 3C); the lowest OD 0.01 labels both actin fine strands and 
thicker cables without any background noise (Figure 28, 3A). This 
last OD setting was used for further experiments.  
  
In plants, the motility of Golgi bodies is mainly dependent on the 
actin cytoskeleton: treatment with the actin depolymerizing agent 
cytochalasin D causes the organelle to stop directional movement 
(Boevink et al. 1998) (See section 3.3.3). Labelling of the actin 
cytoskeleton might compromise the dynamics of the organelle by 
changing the organization of the actin network (van der Honing et 
al. 2010). 
In order to evaluate the effect of Lifeact-GFP and YFP-Actin-Cb on 
the movement of Golgi bodies, the cytoskeleton markers were 
transiently coexpressed with the Golgi marker ST-GFP and 
compared to the transient expression of ST-GFP alone. Movies 
were collected for each combination and analyzed with Volocity 
software (See section 2.8). The expression of either of the 
cytoskeleton markers significantly slows down the motility of the 
Golgi bodies compared to the control (Figure 30C). The 
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displacement rate is not significantly affected by the expression of 
Lifeact-GFP but is significantly reduced in the presence of YFP-
actin-Cb (Figure 30D). Both velocity and displacement rate in the 
combinations of ST-GFP and YFP-Actin-Cb or Lifeact-GFP, 
respectively, were normalised to the datasets for expression of 
ST-GFP alone and presented as a percentage of the latter (Figure 
30E). Upon the expression of Lifeact-GFP, the relative mean of the 
meandering index is significantly increased by 19% compared to 
ST-GFP indicating that the organelles move more directionally 
(Figure 30E,F). YFP-Actin-Cb significantly reduces the meandering 
index by 11% with respect to ST-GFP (Figure 30E,F) indicating 
that saltatory movement is slightly favored.   
  
   
4.2.2 Depolymerisation of the actin-
cytoskeleton labeled with different 
fluorescent markers 
  
Actin filaments labeled with the chromobody were treated with a 
depolymerizing agent to investigate if the binding of the probe 
stabilized the actin filaments and affected the actin dynamics. Leaf 
segments of plants transiently expressing YFP-actin-Cb were 
treated with 25 μM latrunculin B, an actin depolymerizing 
compound (See section 2.7.2). Already after 15 min of latrunculin 
B treatment the thinner strands were completely absent; after 30 
min only the bundled actin strands were visible and after 45 min 
most of the strands were depolymerized and just a few actin 
bundles were left (Figure 31A). 
With latrunculin B being a relatively small molecule of less than 
0.4 kDa and binding transiently to monomeric actin, it is possible 
to reverse its effects by immersing the leaf cuttings in water and 
thereby washing out the drug and repolymerising the actin 
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cytoskeleton. A rapid recovery of filamentous actin within less 
than one hour of washing was observed with a visible increase in 
the number of strands in 30 min (Figure 31B).  
The effect of latrunculin B in tobacco leaf samples transiently 
expressing the fluorescent marker GFP-FABD2 (Sheahan et al. 
2004) was studied. The depolymerization process starts quickly 
and by 5 min most of the fine filaments have been depolymerized 
and only parts of the major strands are visible; after 15 min all the 
thinner filaments are disassembled and most of the actin bundles 
are trimmed to short chunks. The depolymerization continues 
over 30 mins, when pieces of actin bundles are still visible; after 
45 min the thicker segments of filaments are reduced to thinner 
strands (Figure 32). Latrunculin B is a largely apolar molecule 
which dissolves in dimethyl sulfoxide (DMSO), and this is soluble 
in water allowing the dilution of latrunculin B in a water solution. 
DMSO solution (10 μl/ml) was used as control. Leaf samples 
expressing FABD2-GFP were immersed in the DMSO solution and 
the effect monitored over 45 mins (Figure 33). During the entire 
treatment, the filamentous actin network remains intact and re-
organizing, thus no depolymerization is occurring. A modification 
of the shape of the stomata is observed after 45 mins from the 
beginning of the treatment (Figure 33). 
Lifeact-GFP is a small fluorescent marker (~30 KDa) that has been 
used in animal cells to see the cytoskeleton and study the 
dynamics (Riedl et al. 2008), but in plant cells favors the bundling 
of actin filaments (van der Honing et al. 2010). To evaluate the 
effect of Lifeact-GFP on the cytoskeleton stability, leaf cells 
expressing the cytoskeleton marker were treated with the actin 
depolymerizing compound (Figure 34) and DMSO as control 
(Figure 35). The depolymerization of fine filaments occured 
between 20 min and 30 min; thick bundles start to be 
disassembled after 30 mins and at 50 min and 60 min the actin 
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cytoskeleton is completely depolymerized in most of the cells 
(Figure 34). Treatment with DMSO shows that both fine filaments 
and bundles are present throughout the entire treatment (Figure 
35). 
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4.3 Discussion 
 
6.3.1 Expression of the nanobody and 
analysis of the dynamics of Golgi bodies. 
 
The actin-Chromobody was originally developed to be used in 
animal cells. It efficiently labels the cytoskeleton and does not 
perturb the actin-cytoskeleton dynamics (Panza et al. 2015). 
Because the structural and binding characteristics of nanobodies 
are different from the fluorescent probes commonly used in 
plants, the actin-chromobody is a promising tool to investigate 
actin dynamics in the plant system. The expression of the 
fluorescent nanobody in tobacco was optimized and analyzed. The 
expression in tobacco leaves of actin-Cb-YFP resulted in the 
fluorescence remaining cytoplasmic, suggesting that the short 
peptide linker between the nanobody sequence and fluorophore 
might perturb the folding of chimeric protein, hence misfolding 
the recognition site of the nanobody for the actin strands. As 
result, actin-Cb-YFP is not able to bind the target sequence and is 
dispersed in the cytoplasm and in the nucleus (Figure 28, 1A-C). 
When the nanobody sequence was inserted at the C-terminus of 
YFP, the short peptide sequence was not inserted between the 
nanobody and the fluorescent protein (See Figure 5). This could 
result in the correct folding of the fluorescent tagged antibody and 
the preservation of the 3D structure of the recognition site for the 
cytoskeleton, therefore decoration of actin strands. The same 
order of sequence was applied when the protein fusion between 
the nanobody and GFP was made. When GFP-actin-Cb was 
expressed in tobacco plants, it targeted and decorated both thin 
and thicker actin strands (Figure 28, 3A-C). For the fluorescent 
tagged nanobodies, different infiltration ODs were tested to find 
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the optimal concentration of agrobacterium cells carrying the 
fluorescent proteins. The optimal conditions were specified as the 
OD that allowed a labelling of fine actin filaments and thick 
bundles and low background fluorescent noise in most of the 
infected cells. YFP-actin-Cb and GFP-actin-Cb have optimal OD of 
0.05 (Figure 28, 2B) and 0.01 (Figure 28, 3C) respectively. For a 
protein fused to different fluorophores at the same sequence 
ending, and according to same cloning and expression procedure, 
the identical OD setting could be expected. The different OD 
settings reported can be explained in the use of multicopy binary 
vector agrobacterium strains (GV3101), which can host multiple 
copies of the expression vector and therefore transfer to the plant 
a variable number of copies of DNA; this would result in the 
insertion of unpredictable number of copies of the transgene into 
the host plant and different levels of protein expression (Lee and 
Gelvin, 2008).  
 
The two fluorescent versions of the nanobody show less bundling 
(Figure 29A and B) compared to the labelling with Lifeact-GFP 
(Figure 29C). A different rendering of the cytoskeleton is observed 
by comparing YFP-actin-Cb and GFP-actin-Cb (Figure 29A and B). 
As reported by Shaner et al. (2007), eYFP can form weak dimers. 
Since the interaction of eYFP monomers is classified as weak, it 
can be assumed that eYFP dimers can affect the cytoskeleton 
organization and the difference observed in the fluorescent 
pattern of the actin network can be explained by the fact that they 
bind the filament as dimers, and not due to a reorganization of the 
filamentous frame as happens upon the expression of Lifeact-GFP. 
In Cranfill et al (2016) it is shown that eGFP fluorophore can form 
dimers, but the majority (98%) is in the monomeric form. 
To further investigate the relationship between the actin filament 
organization and Golgi bodies, and the differences in the labelling 
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between YFP-actin-Cb and Lifeact-GFP, the movement of 
fluorescent Golgi bodies in presence of either Lifeact-GFP or YFP-
actin-CB was analysed with the software Volocity. Upon Lifeact-
GFP expression, the CDF curve representing the velocity of Golgi 
bodies is shifted towards smaller values, indicating that the 
organelles move more slowly (Figure 30C, green line). The mean 
values for the velocity (Figure 30E, green bar) shows that a 
significant reduction of ~20% occurred compared to the control, 
expressing ST-GFP only. To characterize the movement in more 
detail, the displacement rate is taken into consideration. The 
curve of the displacement rate (Figure 30D, green line) has the 
distribution as the control and, confirmed by the mean values 
analysis (Figure 30E, green bar) and there is no significant 
difference in the organelle displacement when Lifeact-GFP is 
expressed. The mean values of the meandering index indicates 
that there is an increase of the saltatory movement compared to 
the control (Figure 30E, green bar). The expression of Lifeact-GFP 
reduces the velocity of Golgi bodies, has no effect on the linear 
distance travelled by the organelle but decreases the complexity 
of the movement (Figure 30F). The changes in the dynamics 
determined by the expression of Lifect-GFP were compared to 
YFP-actin-Cb. The fluorescent nanobody causes a shift of the 
velocity CDF curve towards smaller values (Figure 30C, yellow 
curve), and as quantified by the mean numbers, a reduction of 
~80% occurs (Figure 3E, yellow bar). When the cytoskeleton is 
labelled with the nanobody, the CFD of displacement rate is also 
shifted towards smaller values (Figure 30D, yellow curve) and the 
mean reduced by ~90% compared to the control (Figure 30E, 
yellow bar). The ratio between the velocity and displacement rate, 
that is the meandering index, is significantly reduced by 10% 
indicating that the changes in both parameters is of similar extent 
and proportionality is maintained (Figure 30E, yellow bar). Upon 
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the expression of YFP-actin-Cb, both velocity and displacement 
rate are equally affected meaning that the Golgi bodies move 
slower but conserve their dynamic features (Figure 30F). This can 
be explained by looking at the nature of the binding of the two 
fluorescent markers. Lifeact-GFP derives from the cross-bundling 
factor (van der Honing et al. 2010, Riedl et al. 2008) and the 
peptide sequence used to make the fluorescent marker might have 
induced the cross-bundling properties. The aggregation of thick 
actin cables following the expression of Lifect-GFP, would slow 
down organelle and favour a more directional movement (Figure 
30F). The nanobody targets a three dimensional non-
characterized site of the actin through an epitope- recognition 
mechanism, and is not involved in a physiological binding, like 
Lifeact-GFP.  My hypothesis is that the expression of the 
fluorescent nanobody does not induce rearrangement of the 
cytoskeleton and probably induces steric hindrance that would 
interfere with the sliding of myosins. This would explain how the 
general movement of Golgi bodies is slowed down but maintains 
the same dynamic features as control Golgi bodies (Figure 30F). 
These characteristics make the antibody a valuable tool to further 
investigate the actin network and Golgi dynamics (See Chapter 6).  
4.3.2 Depolymerization of the actin cytoskeleton 
labeled with actin markers. 
 
To investigate whether the nanobody affects the ability of actin to 
polymerize and depolymerize, tobacco leaf cells expressing the 
YFP-Actin-Cb were treated with the depolymerizing compound 
latrunculin B and compared to treatment with DMSO. Fine actin 
filaments are partially disassembled after 15 mins of treatment 
and at 30 mins, only major bundles are visible. The 
depolymerizing agent completely disrupts the cytoskeleton after 
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45 mins (Figure 31A). To assess if the nanobody affects the re-
polymerization of the filaments, a washout of the chemical 
compound was performed. Leaf samples previously treated with 
latrunculin B were immersed in water and the reassembly of the 
actin filaments followed over time. The network started to 
reassemble at 30 min and by 60 min more defined filamentous 
structures were detected, indicating that YFP-actin-Cb does not 
interfere with the re-polymerization and organization of the actin 
cytoskeleton (Figure 31B). The depolymerization data were 
compared to the depolymerization of Lifeact-GFP and FABD2-GFP 
labeled actin filaments (Figure 34 and 32, respectively). The 
depolymerization of the actin filaments decorated by the 
nanobody was complete at 45 min whereas parts of filaments 
labeled with FABD2 were still present (Figure 32) and in cells 
labeled with Lifeact-GFP long strands of actin filaments were 
detected (Figure 34). This suggests that Lifeact-GFP and FABD2-
GFP have a stabilizing effect on the actin filaments, which causes a 
slower depolymerization process. This may be due to the fact that 
both of these cytoskeletal markers derive from cross-bundling 
factor (Riedl et al. 2008, Voigt et al. 2005). The binding of the 
nanobody to the actin filaments is not physiological and is not 
inducing bundling therefore is not stabilizing the filamentous 
structure. 
According to the model of actin strand polymerization, actin 
monomers (G-actin) constitute a pool in the cytoplasm and are 
recruited at the growing (+) tip of actin filaments to elongate the 
strand. At the (-) end, the F-actin depolymerizes (Figure 36A). 
When treatment with latrunculin B is performed, the agent binds 
and sequesters actin monomers in the cytoplasm, which are not 
available anymore for the (+) end to grow (Morton et al. 2000). 
The depolymerization process at the (-) end is then the 
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predominant process, resulting in the complete depolymerisation 
of the cytoskeleton frame as observed after 45 min of treatment 
(Figure 31A; 36B). Since the actin monomers are in the cytoplasm, 
a fluorescent cytoplasmic signal would be expected upon the 
treatment with latrunculin B following the release of the 
fluorescent marker from the filaments. In my experiments a 
labeling of the cytoplasm has not been detected with any of the 
cytoskeleton markers used (Figure 31; Figure 32 and 34). A 
similar situation happens when cytochalasin D is used 
(Prokhnevsky et al. 2005). Two scenarios are possible. The 
fluorescent marker is not released from the actin monomers and 
latrunculin B forms a complex with them. The complex actin-
marker-latrunculin B is sent for degradation or determines a 
reversible misfolding of the marker which results in the loss of the 
fluorescence (Figure 37A). The other possibility is that the marker 
is released from the actin monomers and binds to latrunculin B. 
The binding to drug determines a change in the fluorescent 
marker structure that leads to the degradation or loss of the 
ability to fluorescence (Figure 37B).  
In conclusion the actin nanobody is a useful marker that has lesser 
effects on actin filaments, compared to routinely used fluorescent 
cytoskeletal proteins, and can be used to study intracellular 
dynamics mechanisms such as the motility of organelles in 
relation to actin filaments. 
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Figure 28.  
Confocal images of Nicotiana tabacum leaves transiently 
expressing  the fluorescent nanobody. 
 
1. actin-Cb-YFP (A) co-expressed to endoplasmic reticulum 
marker GFP-HDEL (B). The nanobody localises in the cytoplasm 
and no co-localization is found with the ER (C). 
2. YFP-actin-Cb transiently expressed in Nicotiana tabacum leaves 
at different agrobacterium concentrations: OD600=0.1 (A), 
OD600=0.0.5 (B), OD600=0.01 (C). 
3. GFP-actin-Cb expressed in Nicotiana tabacum leaves at different 
Agrobacterium concentrations: OD600=0.1 (A), OD600=0.0.5 (B), 
OD600=0.01 (C). 
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Figure 28. 
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Figure 29.  
Comparison of cytoskeletal markers transiently expressed in 
N. tabacum leaves. 
 
A. Transient expression of YFP-actin-Cb;  
B. Transient expression of GFP-actin-Cb; 
C. Transient expression of Lifeact-GFP. 
 
 
 
 
 
  
                                                                                                         Chapter 4 – Chromobody 
159 
 
Figure 29. 
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Figure 30.  
Analysis of the effect of the fluorescent nanobody expression 
on Golgi motility compared to Lifeact-GFP. 
 
A and B. tobacco plant cells transiently co-expressing ST-GFP and 
YFP-actin-Cb and ST-GFP and Lifeact-GFP, respectively. Scale bar 
5m 
C. Cumulative distribution frequency graph (CDF) of the velocity 
values of Golgi bodies. ST-GFP (blue line), ST-GFP co-expressed 
with YFP-actin-Cb (yellow line) and ST-GFP co-expressed with 
Lifeact-GFP (green line). Curves marked with shapes (*, ♦) 
indicate a statistically significant difference from the control ST-
GFP (KS test, p < 0.05). 
D. CDF curves of the displacement rates values. ST-GFP (blu line), 
ST-GFP co-expressed with YFP-actin-Cb (yellow line) and ST-GFP 
co-expressed with Lifeact-GFP (green line). Curves marked with 
shapes (*, ♦) indicate a statistically significant difference from the 
control ST-GFP (KS test, p < 0.05) 
E. Boxplot of the relative mean values of velocity, displacement 
rate and meandering index expressed as percentage of the control 
ST-GFP (blu), ST-GFP co-expressed with YFP-actin-Cb (yellow) 
and ST-GFP co-expressed with Lifeact-GFP (green line). 
F. Representation the movement pattern of Golgi bodies. When 
ST-GFP is co-expressed with Lifeact-GFP, Golgi bodies move same 
linear distance as the control but have a less saltatory path. The 
co-expression of the antibody determines Golgi bodies moving 
shorter linear distance and slightly more saltatory. The pattern of 
movement in presence of the nanobody is maintained. 
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Figure 30. 
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Figure 31.  
Depolymerization and repolymerization of actin filaments 
labelled with fluorescent nanobody. 
 
N.tabacum leaf epidermal cells transiently expressing YFP-actin-
Cb and treated with latrunculin B (25 M) after 15 min, 30 min, 
and 45 min (A). Repolymerization of the actin filaments by 
washing out latrunculin B. The recovery of the fluorescence is 
recorded after 30 min, 45 min and 60 min from the washout (B). 
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Figure 31. 
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Figure 32.  
Depolymerization of actin filaments stably labelled with 
FABD2-GFP. 
 
Time series of the effect of the actin-cytoskeleton depolymerizing 
drug latrunculin B over 45 mins on Arabidopsis epidermal cells 
stably expressing cytoskeletal marker FABD2-GFP 
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Figure 32. 
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Figure 33.  
Treatment of Arabidopsis epidermal cells stably expressing 
the cytoskeletal marker FABD2-GFP with the control DMSO. 
 
Time series of the effect of DMSO treatment (10l/ml) over 45 
min. Imags are collected at 5 min, 10 min, 15 min, 20 min, 25 min, 
30 min, 35 min, 40 min, 45 min and after 45 min from the start of 
the treatment. 
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Figure 33. 
 
  
                                                                                                         Chapter 4 – Chromobody 
168 
 
Figure 34.  
Depolymerization of actin filaments labelled with Lifeact-
GFP. 
 
Tobacco leaf epidermal cells transiently co-expressing the Golgi 
marker ST-GFP and Lifect-GFP, and treated with latrunculin B. 
Images after 10 min, 20 min, 30 min, 40 min, 50 min and 60 min 
from the start of the treatment are reported. Scale bar 5m. 
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Figure 34. 
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Figure 35.  
Treatment of tobacco leaves transiently expressing Lifeact-
GFP with DMSO. 
 
Leaf sections of plants transiently expressing Lifeact-GFP and ST-
GFP were immerged in a solution of DMSO (10 l/ml) and images 
taken at 10 min, 20 min, 30 min, 40 min and 50 min to monitor 
the affect of the drug over the time. Scale bar 5m. 
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Figure 35. 
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Figure 36.  
Representation of latrunculin B effect on actin filaments. 
 
A. Actin filaments have a plus growing end, to which actin 
monomers (G-actin) are recruited, and depolymerize at the minus 
end. 
B. When latrunculin B is present, it binds to G-actin present in the 
cytoplasm and they are not available anymore for actin 
polymerization. This results in the depolymerisation of actin 
filaments.  
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Figure 36. 
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Figure 37.  
Possible mechanism of interaction between latrunculin B and 
actin filaments labelled with fluorescent marker. 
 
Latrunculin B  (LatB) could bind to the actin monomers labelled 
with the fluorescent marker and either inactivates the 
fluorophore and the complex  actin-fluorophore-latB remains in 
the cytoplasm or it is sent for degradation (A). Another option is 
that latB bind to the fluorescent marker, inactivate it and the 
complex fluorophone-latB either ramins cytoplasmic or is 
targeted for degradation (B). 
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Figure 37. 
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5. Micromanipulation of 
Golgi bodies with optical 
tweezers 
 
 
5.1 Introduction 
 
Plant Golgi bodies are dynamic organelles. Labelling of Golgi 
bodies with appropriate fluorescent marker proteins, revealed 
that, in plants they are dispersed and moving on the 
ER/cytoskeleton interface in the cortical cytoplasm (Boevink et al. 
1998). 
The motion of Golgi bodies is dependent on an intact actin-
cytoskeleton: treatment with the actin depolymerizing agent 
cytochalasin D caused the Golgi bodies to stop moving and cluster 
in groups (See chapter 3) (Akkerman et al. 2011, Boevink et al. 
1998).  Further studies demonstrated that the molecular motor 
myosin is powering the movement and non-functional versions of 
these proteins arrest the movement of Golgi bodies (Griffing et al. 
2014, Sparkes 2011a).  
Optical tweezers are a promising tool because they permit 
manipulation and displacement of micron-size particles. Laser-
based optical trapping was described for the first time by Ashkin 
(1970). In his work he used the pressure generated by a 
continuous and focused laser beam to trap and move micron-size 
neutral transparent particles in the air and liquid medium.  
Initially, the laser was used only on particles (Ashkin 1978) but 
soon was tested on living cells; from this point this technique 
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started to be referred as optical tweezer (Ashkin 1991). The 
optical trap used here was built on a TIRF microscope that 
provided a better resolution than confocal microscopy of 
subcellular components such as the actin filaments, especially fine 
and individual filaments (Blanchoin at al 2010). An infrared laser 
beam was tightly focused through a series of lens and generated a 
force of pico-Newton order, which can trap biological particles 
with optical density higher (or refractive index) than the 
surroundings (Neuman and Block 2004). The trapped object can 
be displaced in the XY plane in living cells without damaging the 
cell (Ashkin 1991). Some applications of the optical tweezer on 
biological samples are micromanipulation of the whole cells such 
as fungi (Wright et al. 2007), to study the dynamic activity of 
viruses (Arias-Gonzalez 2013) and probing components of the 
endomembrane system. In Sparkes et al. (2009) optical tweezers 
were used to trap fluorescent Golgi bodies under cytoskeleton 
depolymerizing conditions and revealed that there is a physical 
connection between the ER and Golgi bodies. Gao et al. (2016) 
used the optical tweezer to study the relation between 
chloroplasts and peroxisomes and quantify the tethering 
mechanism. 
 
In this chapter, the optical trapping technique is used to 
investigate whether physical forces are acting between Golgi 
bodies and the cytoskeleton, and estimate the roles of 
microtubules and actin filaments in the dynamic behaviour of the 
organelle. 
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5.2 Results 
 
Laser trapping of Golgi bodies was performed on tobacco leaf 
epidermal cells transiently expressing the Golgi marker ST-GFP, 
and in A. thaliana leaf epidermal cells of plants stably expressing 
ST-GFP.  
At a first stage, fluorescent Golgi bodies were trapped and 
displaced from fluorescent actin filaments labelled with Lifeact-
GFP in order to investigate the validity of the approach (Figure 38; 
movie 4). A Golgi body moving on an actin filament can be 
successfully removed from the filament and the actin filament 
bends and stretches to follow the trapped organelle (Figure 38, 
00:003-00:008). Once the Golgi body is released from the trap, it 
continues to move (Figure 38, 00:15-00:19). 
Subsequently, a 100 fluorescent Golgi Body test was performed, 
where a maximum of 100 Golgi bodies per sample per condition 
are trapped and classified according to two categories: ‘trapped’ 
(if captured and displaced by the laser) or ‘not trapped’ (if can not 
be trapped and displaced).  For this experiment, cytoskeletal 
markers were not used because their expression proved to 
perturb Golgi dynamics (See Chapter 4). Samples were treated 
with oryzalin or latrunculin B to depolymerize the microtubules 
or actin filaments respectively. In tobacco leaves transientlu 
expressing the Golgi marker, the mean numbers of Golgi bodies 
trapped (expressed as percentage) was 58% in the untreated 
sample, 58% in the DMSO control, 74% when the leaf plant cells 
were treated with latrunculin B and 57% when treated with 
oryzalin (Figure 39A). In Arabidopsis plants, the mean numbers of 
Golgi bodies trapped in the untreated sample was 58%, in the 
DMSO control was 64%, in plants treated with the actin-
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depolymerizing drug was 72%, and in sample treated with 
microtubule disrupting drug was 46% (Figure 39B). 
 
The number of trapped Golgi bodies was analysed for the 
homogeneity of variance (F-test) and, according to this result, the 
appropriate t-test was performed. The results were plotted as 
relative mean of the control (either not treated or DMSO 
treatment) and the differences between the means were assessed 
with paired t-test equal variance or unequal variance, with the 
significance level set at 0.05. 
In N. tabacum plants, the number of trapped Golgi bodies in 
untreated samples was compared to the treatment with DMSO 
(Figure 40). The comparison of the variances of the untreated 
sample and the one treated with DMSO assesses that their 
variances are unequal (Figure 40A) and the t-test for equal 
variances resulted that the differences recorded are not 
statistically different (p: 0.9). It can be therefore concluded that 
DMSO has no effect on trapping efficiency and can be used as a 
control to assess the effect of depolymerizing agents. The 
comparison of variances between the treatment with DMSO and 
latrunculin B indicated that they are equal and the increase in the 
number of trapped Golgi bodies (29%) is significant (p:0.039) 
(Figure 40B). The depolymerisation of microtubules resulted in a 
slight reduction (2%) in the number of trapped Golgi bodies and 
the t-test for equal variances proved that is not statistically 
significant (p: 0.89).  
In A. thaliana stably expressing ST-GFP, the percentage of trapped 
Golgi bodies in the untreated sample was compared to the 
treatment with the DMSO solvent (Figure 41). An increase of 10%, 
compared to the control, was recorded and is not significantly 
different as assessed by a t-test with equal variances (p: 
0.5)(Figure 41A). The DMSO measurement was used as control to 
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evaluate the effect of cytoskeleton disrupting drugs. Treatment 
with latrunculin B resulted in an increase of 16% in the number of 
trapped Golgi bodies, which is not significant as results from a t-
test with equal variances (p: 0.2); when microtubules are absent, 
the number of trapped Golgi bodies was reduced by 28% 
compared to DMSO control and t-test with equal variances 
indicates that this is not significant (p:0.1) (Figure 41B). 
 
5.3 Discussion 
 
The manipulation of Golgi bodies in plant cells expressing the 
cytoskeletal marker Lifeact-GFP showed that a Golgi body can be 
displaced from an actin filament and when a Golgi body is pulled 
away from the filament, the strand would bend and stretch to 
follow the organelle, until it finally detaches (Figure 38, movie 4). 
This observation suggests that there are physical links between 
the motile organelle and the cytoskeleton, which keep the Golgi 
bodies on the actin tracks.  
An additional aspect needs to be taken into consideration. Optical 
tweezers showed that the ER are Golgi bodies are closely 
associated; when Golgi bodies are displaced by optical tweezer 
manipulation, the ER remains attached to the Golgi and stretches 
to follow the organelle (Sparkes et al. 2009a). Additionally, the 
motility of Golgi bodies is dependent on an intact actin network 
and myosin XIK (Boevink et al. 1998, Avisar et al. 2008).  
In another work, the persistency mapping technique was used and 
demonstrated that the remodelling of the ER depends on the 
actin-cytoskeleton: the overexpression of non-functional myosin 
XIK or treatment with actin-depolymerizing drug increase the 
presence of more persistent (non-rearranging) ER domains 
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(Sparkes et al. 2009b). This work confirmed previous 
observations that the endoplasmic reticulum, Golgi bodies and 
actin filaments are correlated (Boevink et al. 1998, Moreau et al. 
2007); therefore the fact that the actin filaments follow the Golgi 
bodies could be also explained as a consequence of pulling the ER. 
When a Golgi body is trapped and displaced, the ER would remain 
attached and the actin filaments associated to it would follow. 
 
To investigate if there is a link between the actin-cytoskeleton and 
Golgi bodies, the 100 Golgi bodies test was performed, and the 
number of trapped Golgi bodies would give information about the 
strength of the link between the cytoskeleton and the organelle. 
Two model plants were tested (N. tabacum transiently expressing 
ST-GFP and A. thaliana stably expressing ST-GFP) to check if the 
variability between samples recorded in tobacco was due to the 
transient expression. 
The comparison between DMSO and untreated samples 
demonstrated that the solvent had no impact on the number of 
trapped Golgi bodies. The results were the same across stable and 
transient lines, indicating that the data were reliable and the type 
of interaction between actin/microtubules and Golgi bodies was 
not influenced by the expression system.  
As shown from the analysis of the Volocity data (See Chapter 3), 
the actin filaments play a major role in organelle dynamics, and 
from the trapping experiments a significant difference upon 
latrunculin B treatment was expected. The absence of actin 
filaments resulted in an increase (16-29%) of trapped Golgi 
bodies both in the stable and transient system (Figure 40), and 
this result is significant in tobacco and not significant in stable 
Arabidopsis plants. This difference in the significance level may be 
due to the different sample size: a total of 16 repetitions were 
performed for tobacco and 12 in Arabidopsis. The fact that there 
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is a same trend increase in the number of Golgi bodies trapped 
when actin filaments are disrupted indicates that actin filaments 
exert a force on Golgi bodies, which is released when the filaments 
are not present anymore. 
It has to be taken into consideration the fact that, following the 
pharmacological treatment, Golgi bodies are not moving so it 
easier to get them in the trap. The experiment could be expanded 
by adding a control that is trapping non motile Golgi bodies in 
untreated cells. This would allow a comparison of the trapping 
rate of not motile Golgi bodies in cells where the actin-
cytoskeleton is still intact and in cells where actin filaments are 
not present; given the same level of accessibility of Golgi bodies, 
the trapping would measure the role of the actin. 
The treatment with oryzalin was expected to affect the trapping, 
but to a minor extent, given the partial contribution of 
microtubules to Golgi movement (Figure 41) (Crowell et al. 2009). 
The trapping in the absence of microtubules showed a minor but 
not significant decrease in the mean of trapped Golgi bodies (2-
28%) compared to the DMSO control.  
A non-significant result for the oryzalin treatment might reflect 
the limitation of optical trapping: the order of laser power that 
was used to trap the organelles could be too high for the 
interaction between actin/microtubules cytoskeleton and Golgi 
bodies. Thus that laser power setting cannot be used to collect 
quantitative data about microtubules and a calibration test should 
be run to establish the suitable order of power. 
Furthermore, the trapping data were analysed using paired t-test 
at P<0.05. The t-test is a very basic statistical test: a more sensible 
and suitable test for the optical tweezers dataset will be 
considered to ascertain that the results were not due to an 
inappropriate statistical test. 
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From this set of experiments where I used optical tweezer, it can 
be hypothized that there is a connection between Golgi bodies, ER 
and actin cytoskeleton and that to estimate the forces actin on the 
organelle it is necessary to improve the settings of the optical trap. 
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Figure 38.  
Movie sequence showing optical trapping of a Golgi body in 
tobacco leaf epidermal cell.  
 
A Golgi body (red circle) is trapped and displaced from the actin 
filaments, labelled with Lifeact-GFP. The organelle can be 
displaced from the actin filaments (min 00:01 to 00:04), and in 
doing so the filaments bends. When the Golgi body separated form 
the filament (min 00:008), the trap is switched off and the Golgi 
body is released from the trap. After few seconds of pausing 
(00:08-00:15, not shown) the organelle starts to move again 
(00:15-00:19). See movie 4. 
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Figure 38. 
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Figure 39.  
Percentage of trapped Golgi bodies in N.tabacum transiently 
expressing the Golgi marker and A. thaliana stably expressing 
ST-GFP and. 
 
A. Mean number of trapped Golgi bodies in tobacco expressed as 
percentage. Untreated sample 58%,  DMSO 58%, latrunculin B 
74%, oryzalin 57%.  
B. Mean number of trapped Golgi bodies in Arabidopsis expressed 
as percentage. Untreated sample 58%, DMSO 64%, latrunculin B 
72%, oryzalin 46%. 
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Figure 39. 
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Figure 40. 
Relative mean (% of the control) of trapped Golgi bodies in N. 
tabacum transiently expressing ST-GFP.  
 
A. Treatment with DMSO resulted in a non-significant increase in 
respect to the control. The F-test assesses that variances are 
unequal. 
B. Trapping values of samples treated with depolymerizing agents 
compared to DMSO. Depolymerisation of actin filaments 
(latrunculin B, 25 μM) resulted in a significant increase (29%, 
indicated as *) of trapped Golgi bodies. Treatment with oryzalin 
(10 μM) to depolymerize microtubules gave a not significant 
decrease of 2%. A paired t-test was performed at significance level 
<0.05. The F-test results that variances are equal. 
  
                                                 Chapter 5 – Optical tweezers 
189 
 
Figure 40. 
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Figure 41. 
Relative mean (% of the control) of trapped Golgi bodies in A. 
thaliana stably expressing ST-GFP.  
 
A. Treatment with DMSO resulted in a non-significant increase by 
10% compared to the control as assessed by t-test unequal 
variances. 
B. Percentage of trapped Golgi body in samples treated with 
depolymerizing agents compared to the control DMSO. The 
absence of actin filaments (Latrunculin B, 25 μM) determines a 
not significant increase (16%) of trapped Golgi bodies. Treatment 
with oryzalin (10 μM) to depolymerize microtubules resulted in a 
not significant decrease of 28%. Paired t-test equa variances was 
performed with significance level set at 0.05. 
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Figure 41. 
                                                                                                   Chapter 6 – Actin dynamics 
192 
 
6 A new model for actin 
filaments dynamics 
 
 
6.1 Introduction 
 
The visualization of the structure of the cytoskeleton, while 
maintaining the dynamics unaltered, is challenging both in plant 
and animal cells. Phalloidin staining is considered the closest to 
the real representation of the cytoskeleton and is used to compare 
the labelling efficiency of other in vivo fluorescent probes (Belin et 
al. 2014). 
In animal cells, phalloidin does not pass readily through lipid 
bilayers and must be microinjected to image actin filaments in live 
cells. In addition, phalloidin binding stabilizes actin filaments, 
perturbing their normal dynamics. In vivo labelling with 
genetically encoded fluorescent markers such as Lifeact does not 
accurately reflect the structure of the actin-cytoskeleton (Chapter 
4). Actin probes show preferential binding to certain classes of 
actin filaments over others. Lifeact-GFP, for example, is excluded 
from actin-rich membrane protrusions in the limb mesenchymal 
cells of chick embryos (Belin et al. 2014). 
In plants, the phalloidin staining protocol requires fixation 
(Sonobe and Shibaoka 1989) and in live imaging it has been 
demonstrated that different probes can depict a very different 
organization of the actin network (Lemieux et al. 2013). It can be 
proposed that this may be due to a preferential binding to fine 
actin filaments rather than bundles, or because the marker is 
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derived from an actin-bundling protein, therefore causing the 
aggregation of actin filaments. Considering that the actin-
cytoskeleton is a continuously arranging scaffold that provides 
tracks for movement and positioning of diverse organelles such as 
Golgi bodies and peroxisomes, a more reliable and less interfering 
fluorescent marker is needed for live imaging. 
Studying the kinetics of these probes (in terms of binding and 
diffusion) can be helpful when choosing a marker for a specific 
study. 
In Chapter 3 the fluorescent nanobody proved to be better than 
Lifeact-GFP in maintaining the dynamics of Golgi bodies but 
slowed their overall movement. Studying the kinetics of these two 
markers would provide further information about their 
interaction with the actin cytoskeleton and whether they can be 
used to study actin dynamics such as filament sliding.  
FRAP (fluorescent recovery after photobleaching) is a technique 
that consists of bleaching the fluorophore through the use of a 
high intensity beam and monitoring the recovery over the time 
(Lemieux et al. 2013) and as such can be used to study actin 
filament dynamics. 
 
The organelle transport in plants is dependent on the integrity of 
the actin cytoskeleton (Boevink et al. 1998) and is powered by 
motor proteins, myosins (Avisar et al. 2009). All myosins share a 
structural pattern: a highly conserved N-terminal motor domain, a 
neck region containing the ‘IQ motif’ and a C-terminal tail domain. 
The motor domain marches directionally on the actin arrays while 
hydrolyzing ATP and the tail domain can bind the cargo (Reddy 
2001).  The quaternary structure is also conserved: functional 
myosins assemble in dimers; dimers can be homodimers or 
heterodimers (Avisar et al. 2009, Lowey et al. 1991). In higher 
plants, the myosin class XI and VIII are involved in propelling the 
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movement of organelles such as Golgi bodies and peroxisomes 
(Sparkes 2010b). The role of myosins in organelle movement has 
been studied through the expression of non-functional versions of 
these proteins. Myosins lacking the head domain have been fused 
to fluorescent markers and the dimerization with the native 
myosin generates a non-processive dimer. The truncated myosins 
have been co-expressed along with organelle markers for Golgi, 
peroxisomes and mitochondria and the organelle dynamics 
analysed. Two members of XI class (XI-K and XI-E) reduce the 
velocity of Golgi bodies and peroxisomes, to a lesser extent 
compared to the treatment with the actin depolymerizing agent, 
and without perturbing the organization of actin network (Avisar 
et al. 2008, Sparkes et al. 2008). 
The gene expression pattern shows that myosin XI-K is expressed 
throughout the plant while XI-E is tissue specific for pollen and 
stamen (Peremyslov et al. 2011), so XI-K is a good candidate to 
study the relationship between Golgi bodies and actin arrays in 
plant leaf tissue. The subcellular localization of myosins has been 
investigated. The tail domains of both XI class members were 
fused to a fluorescent reporter and various locations are reported. 
When transiently expressed in tobacco leaves, XI-K localizes in 
large or small puncta (Sparkes et al. 2008) or is diffuse in the 
cytosol. No co-localization with Golgi bodies or peroxisomes was 
found (Avisar et al. 2009).  However, the expression of the XI-K 
tail perturbs the motility of Golgi, peroxisomes and mitochondria. 
It cannot be excluded that XI-K interacts with other myosins and 
participates in the organization of the cytoskeleton (Sparkes et al. 
2008). Triple and quadruple mutants of Arabidopsis myosins XI 
(xi-1, xi-2, xi-i, xi-k) show a different ratio between cytoskeletal 
bundles and fine actin filaments (Cai et al. 2014, Peremyslov et al. 
2010). In plants, the Golgi bodies and ER are physically connected 
(Sparkes et al. 2009) so the effect of the truncated myosin XI-K on 
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the ER geometry and remodelling has been studied. The 
expression of tail mutants increases the persistency of tubules and 
reduces active remodelling of the ER (Griffing et al. 2014).  
The fact that myosin tails have not been detected on target 
organelles and the evidence that they can affect the organization 
of the cytoskeleton and the ER lead me to hypothise that if actin 
filaments could slide one on top of the other (and XI-K might 
mediate this mechanism); Golgi bodies could be anchored to the 
actin filaments and dragged by the filaments sliding rather than a 
direct interaction of Golgi with myosins. 
The FRAP technique can be used to test this model: the actin 
cytoskeleton is marked with either the fluorescent nanobody or 
Lifeact and co-expressed with XIK tail; segments of actin arrays 
are photobleached and the pattern of recovery is followed and 
compared to the recovery in presence of the native myosin. 
 
6.2 Results  
 
Tobacco leaves transiently expressing Lifeact-GFP or GFP-actin-Cb 
(See Chapter 4) were used for photobleaching of actin filaments. 
The fluorescence recovery of bleached areas was then analysed 
and plotted in figure 42A and 42B, respectively. The recovery of 
bleached cells expressing Lifeact-GFP (Figure 42A) ranges from 
~50% to ~90%, while the recovery of bleached cells labelled with 
fluorescent nanobody (Figure 42B) was between ~20% and 
~90%. 
The fitting of FRAP data permits evaluation of the general 
tendency of the recovery and the profiles of FRAP curves allows a 
comparison of the fluorescent recovery of the two cytoskeletal 
markers.  
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The normalised and fitted curves of the two cytoskeletal markers 
were compared in Figure 43A and the figures of the normalized 
fluorescent intensity and the half-time are reported in the table 
43B. The recovery of Lifeact-GFP was 72.95% and of GFP-actin-Cb 
was 53.26%. The recovery half-time was 0.76 sec and 0.34 sec for 
Lifeact-GFP and the fluorescent nanobody respectively. From the 
half-times, the recovery rates of fluorescence per second were 
extrapolated (R); R of Lifeact-GFP was 48% sec-1 while the R of 
GFP-actin-Cb was 73% sec-1. 
To understand if the differences observed in the maximum 
recovery of the fluorescence and the half-times were significant, 
the mean values of both parameters were calculated and unpaired 
t-test equal variances performed (Figure 43 and 44, respectively). 
The mean fluorescent intensity recovery (MFIR) of Lifeact-GFP 
was 73.1 ± 12.7% and the MFIR of GFP-actin-Cb was 53.6 ± 16.6% 
(Figure 44A and 44B).  
The mean half-time recovery of bleached Lifeact-GFP was 0.77 ± 
0.25 sec and the mean half-time recovery of the fluorescent 
nanobody was 0.47 ± 0.2 sec (Figure 45A and 45B). The recovery 
of the markers and half-times of the cytoskeletal markers were 
statistically different as shown in the tables of figure 44B and 45B. 
 
The cytoskeletal markers (Lifeact-GFP and GFP-actin-Cb) were 
transiently co-expressed with the tail domain of the myosin XIK 
fused to RFP (RFP-XIK tail) according to Sparkes et al. (2009) 
upon the expression of XIK tail, the mutant could either compete 
or combine with the native protein and form inactive truncated 
dimers (Sparkes 2010a). Some fluorescent signal is detected in the 
red channel but it is due to cross-talking between the green 
channel and red channel; indeed the fluorescence visible in the 
red channel corresponds to the saturated signal of GFP. The 
fluorescent signal of RFP-XIK tail was not detected in either of the 
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combinations with the cytoskeletal probes (Figure 46a and b). To 
exclude that this is because the labelling of the cytoskeleton 
interferes with the expression or localization of RFP-XIK tail, the 
latter was co-expressed with the Golgi bodies marker ST-GFP 
(Figure 46c) and also in this case, the fluorescent signal of the 
truncated myosin was not detected. 
To assess if the RFP-XIK tail was expressed and exerting the 
inhibiting function, the dynamics of Golgi bodies were observed 
when the truncated myosin was co-expressed. The lack of 
movement of Golgi bodies indicates that the non-functional 
protein was expressed in the cells; this can be appreciated from 
the time lapse images plate in figure 47A and from the time lapse 
color-coded image, where a colour is assigned to each frame and 
the frames superimposed (Figure 47B).  In the control where only 
the native form of the myosin is present (Figure 48A and 48B), 
Golgi bodies maintain their characteristic motility in the cell 
cortex as described in Nebenführ et al. (1999).  
 
Segments of actin filaments transiently labelled with either 
Lifeact-GFP or GFP-actin-Cb were quenched and the time-lapse 
images of the fluorescence recovery were inspected in order to 
evaluate if there was any change in the localization of the 
bleached areas (Figure 49 and 51, respectively). The quenched 
segment remains in the same position where the bleaching event 
occurred. The same observation was made when the RFP-XIK tail 
was expressed. The presence of the non-processive myosin did 
not change the position of the bleached areas when co-expressed 
to either Lifect-GFP (Figure 50) or GFP-actin-Cb (Figure 52). 
 
A further analysis of the bleached ROI was carried out to evaluate 
the pattern of the recovery of the fluorescence. From the 
inspection of the bleached areas (Figure 53) no differences in the 
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pattern of the probe recovery when were co-expressed with the 
truncated myosin or the cytoskeletal markers solely was 
observed. 
 
The numerical figures of the fluorescence recovery after 
photobleaching were recorded in presence of RFP-XIK tail and 
were normalized, fitted and compared to assess if the truncated 
myosin had any effect on the marker fluorescence recovery (See 
section 2.10.1). 
When Lifeact-GFP solely was expressed, the FRAP range was 50-
90% while when the RFP-XIK tail was co-expressed, the recovery 
values range between 20% and 95% (Figure 54A and 54B, 
respectively). 
When the fitted curves were compared, the maximum recovery of 
Lifeact-GFP could be seen to be 72.95% with half-time of 0.76 sec; 
the recovery rate per second was extrapolated and was 48%sec-1. 
When co-expressed with the non-functional motor protein, the 
maximum recovery was 64.43%, t ½ 0.53 sec and the recovery of 
the fluorescence was 61% sec-1 (Figure 55A and 55B). 
The mean of the Lifeact-GFP fluorescence recovery was 7313% 
(Figure 56A) and when the mutated truncated motor protein was 
expressed, the mean fluorescence intensity recovery (MFIR) was 
6519%; unpaired t-test unequal variances results show that the 
differences between MFIR were not significant (Figure 56B). The 
mean half-time of Lifeact-GFP was 0.770.2 sec and, when the 
non-functional myosin was co-expressed, the half-time was 
0.60.2 sec; the unpaired t-test equal variances assess that the 
mean values of the half-time recovery are statistically different 
(Figure 57A and 57B). 
The same analysis was performed for the fluorescent nanobody. 
When only GFP-actin-Cb was expressed, the range of FRAP 
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recovery is 20-90%, and with the co-expression of the mutated 
motor protein the range become wider (20-98%) (Figure 58A and 
58B, respectively). 
When the fitted data are compared (Figure 59A), the maximum 
recovery of GFP-actin-Cb was 53.26%, with half-time of 0.34 sec 
and recovery rate was 73% sec-1. When the truncated myosin was 
expressed with GFP-actin-Cb, the maximum recovery was 52%, 
t1/2 0.42 sec, and R was 62% sec-1. The fluorescent recovery 
percentage and the half-time were then compared to assess if the 
differences are statistically different (59B). 
The mean fluorescence recovery of GFP-actin-Cb was 53.616.6% 
and upon the co-expression with RFP-XIK tail was 6124.2% 
(Figure 60A). The unpaired t-test unequal variances showed that 
the presence of the non-functional myosin had no effect on the 
recovery of the quenched fluorescent protein (Figure 60B). The 
mean half-times of recovery were compared and tested. The mean 
half-time of GFP-actin-Cb solely was 0.470.25 sec and when co-
expressed with the tail domain of XIK was 0.740.4 sec (Figure 
61A); from an unpaired with t-test unequal variances it could be 
concluded that the mutated myosin has a significant impact on the 
half-time recovery of the nanobody (Figure 61B). 
 
6.3 Discussion  
 
The normalised fluorescence recovery curves represent the 
fraction of mobile molecules that move into the bleached area, 
thus provide information about the mobility of the fluorescent 
probes. In this study, the molecules investigated were two 
markers binding to the actin cytoskeleton. From the tracking 
analysis (See Chapter 3) the two cytoskeletal labels demonstrated 
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to affect the motility of Golgi bodies to different extents; the 
profiles of the recovery gave additional detail about the 
mechanism of interaction between the fluorescent markers and 
the actin cytoskeleton.  
Additionally, a new model was proposed and tested, where the 
myosin XIK anchors Golgi bodies to actin filaments sliding one on 
top of the other. The sliding of actin filaments would drag the 
Golgi bodies along. When the non-functional myosin was 
expressed, the movement of the Golgi stack would cease because 
actin filaments are not able to slide anymore. 
A combination of FRAP and image analysis techniques were used 
to evaluate this model. 
 
In Figure 42A and 42B all the experimental FRAP curves of 
Lifeact-GFP and GFP-actin-Cb are reported.  
The range of the recovery curves of the fluorescent nanobody was 
larger than that of Lifeact-GFP (20-90% vs 50-90%, respectively), 
and this could reflect that the nanobody had a higher variability in 
mobility compared to Lifeact-GFP. The mobility could depend on 
several factors: the freedom of diffusion, the strength of 
interaction between the fluorescent marker and the target region 
(Matsuda and Nagai 2014) or the sliding of actin filaments. For 
Lifeact-GFP and GFP-actin-Cb it is assumed that the probes are 
diffusing freely in the cytoplasm and subject only to cytoplasmic 
streaming, the interaction between the fluorescent proteins and 
the actin (filaments or monomers) represents the major limitation 
to their movement.  
The target binding site (antigenic site) of the nanobody on the 
actin filaments is not known; it can be speculated that the 
nanobody binds either to a specific target recurring in a constant 
amino acid region but the accessibility depends on the 
polymerization of the actin, or that a same target occurs multiple 
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times in the sequence and is found in different protein domains 
(Figure 62). If the latter option were considered, a different amino 
acid surrounding and domain folding would make the target site 
more or less accessible. In both cases, more accessible sites would 
interact stronger and more stably with the nanobody, while less 
accessible site would interact weakly and less stably with the 
cytoskeletal marker. This scenario would result in a population of 
molecules with variable apparent mobility properties (Figure 62). 
Lifeact is a short peptide sequence deriving from the actin-binding 
peptide of an actin crossbundling factor (Riedl et al. 2008). It can 
be proposed that the binding between Lifeact and actin filaments 
is specific and physiological and therefore it is subject to constant 
binding conditions that would explain a smaller variability in the 
fluorescence recovery compared to GFP-actin-Cb (Figure 42).  
 
The values of the maximum fluorescent recovery, which 
correspond to the plateau segment of the FRAP curves provide 
information about the mobility of the fluorescent molecules. 
The fact that the signal of Lifeact-GFP recovers more than the 
nanobody (Figure 43) may indicate that a larger number of 
fluorescent Lifeact molecules release/bind to actin filaments; this 
can be also interpreted as Lifeact-GFP is more motile than the 
nanobody. The lower recovery of GFP-actin-Cb indicates that 
nanobody interacts longer with the actin target. It can be assumed 
that the cytoskeletal markers diffuse in the cytoplasm without any 
constriction, therefore the binding to actin filaments would 
represent the limiting step in the recovery of the fluorescence. 
The recovery rate (R) would then represent how quickly the 
fluorescent proteins bind to the target as well as potential sliding 
of actin filaments. Lifeact-GFP interacts more slowly  with the 
actin fibers while GFP-actin-Cb more quickly (48% sec-1 vs 73% 
sec-1, Figure 43); these results suggest that the former fluorescent 
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proteins take more time to release/bind the actin target respect to 
the latter. 
Lifeact is the actin binding domain of the yeast protein ABP140, a 
methyltransferase that acts on tRNA (Noma et al. 2011). The actin 
binding domain of ABP140 maintains cross-bundling activity of 
actin fibers (Asakura et al. 1998). In animal cells, Lifeact-GFP is 
used to study actin dynamics (Riedl et al. 2008) and does not 
interfere with cellular processes. The expression of Lifeact-GFP in 
plants was shown to affect the dynamics of the cytoskeleton and 
induced the formation of bundles (van der Honing et al. 2010).  
This observation is corroborated by the tracking data of Golgi 
stacks; the movement of Golgi bodies mainly relies on actin 
filament integrity (See Chaper 3, Figure 15, Figure 18, Figure 21) 
and the expression of Lifeact-GFP determines a change in the 
dynamic pattern of the organelles (See Chaper 4, Figure 29). It can 
be speculated the expression of such cytoskeletal marker induces 
rearrangement and aggregations of the actin fibers, which affect 
the movement of Golgi bodies. When the probe is expressed, Golgi 
bodies assume a more directional and slower dynamic, and this 
observation correlates to the prevalence of bundled actin.  
The combination of tracking data and FRAP of Lifeact-GFP permits 
a better understanding of the kinetics of this probe. The high 
percentage of fluorescent recovery indicates that Lifeact-GFP 
molecules associated with the actin filaments are mobile but the 
association/dissociation rate is slow because of the cross-
bundling activity; Lifeact-GFP would bind to multiple sites and 
this process would require a longer time (Figure 63). The result of 
the cross-bundling properties is that Golgi bodies assume a more 
directional movement. 
In the literature, the characterization of the nanobody target is not 
available, however from the general mechanism of antibody 
binding, they are highly specific and have high affinity for the 
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target sequence (Arevalo et al. 1993) and are not expected to 
rapidly turn over on the actin filaments. As shown by the results 
of the recovery rate per second, the interaction between the 
nanobody and target is quicker and it can be proposed that this is 
because of a one-to-one interaction.  
The findings from FRAP and the tracking analysis of Golgi bodies 
when the nanobody is expressed, allow us to generate a model 
describing the interaction of the antibody with actin filaments and 
the effect on the organelle dynamics. GFP-actin-Cb quickly 
recognizes the sequence on actin filaments and binds stably to 
them. The presence of the nanobody on actin filaments would not 
interfere with the actin organization, and act as steric hindrance 
to the fast displacement of Golgi bodies. The nanobody would 
reduce the overall movement of Golgi bodies whilst maintaining 
the features of the dynamics (See Chapter 4, Figure 29). 
 
In Arabidopsis, myosin XIK is involved in maintaining the 
movement of Golgi bodies but fluorescent versions of this motor 
protein do not locate on the stacks. The sliding of actin filaments 
over other filaments is part of the buckling process (Staiger et al. 
2009) and it has not yet been defined if the process is mediated by 
proteins or not. 
The transient co-expression of the actin probes and the RFP-XIK 
tail showed that the signal of the lattter is not detected (Figure 
46). This is in accordance with what is already published, that the 
fluorescent signal of the truncated myosin is dispersed in the 
cytoplasm or shows as blobs or in few cases is not detected 
(Sparkes 2010b).  
The fluorescent tail domain of XIK was co-infiltrated with the 
Golgi body marker ST-GFP in order to test if the truncated myosin 
is present and exerting the inhibiting effect in the transformed 
cells. Time-frame images shows that the truncated myosin 
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perturbs the dynamics of Golgi bodies in all the cells of the 
examined area (Figure 47B). In the controls (ST-GFP alone) the 
native form of the myosin triggers the movement of the organelles 
so the lack of motility observed in the co-expression conditions is 
related to the expression of XIK-tail and not to the physiological 
state of the plant (Figure 48B). From the high transformation rate 
observed, it can be assumed that RFP-XIK tail is equally and 
efficiently co-expressed as the cytoskeletal markers Lifeact-GFP 
and GFP-actin-Cb. A more reliable approach could be using KO 
lines for XI myosins to ensure that all the cells of the plant will not 
express the myosin and stop the motility of Golgi bodies 
(Peremyslov et al. 2010, Ojangu et al. 2012). 
To test the hypothesis that if XIK has a role in maintain the sliding 
of actin filaments and the Golgi bodies are dragged along with 
these, a close observation of time-lapse images following the 
photo-bleaching of actin arrays was performed. Indeed, if this 
model is valid, bleached areas are expected to shift in the control 
and to remain in the same localization when the tail of XIK is 
expressed. When the native XIK is present, the bleached areas of 
either cytoskeletal probes do not shift but maintain the same 
position (Figure 49 and 51); the same is observed when the tail 
domain of XIK is overexpressed (Figure 50 and 52) indicating that 
there is no sliding of actin filaments. 
A closer observation of the bleached area was carried out in order 
to evaluate if there was a pattern of the recovery of the probes. If 
the filaments are sliding over one another, the recovery of the 
probe would be expected to appear from the periphery of the 
bleached area towards the center. When the truncated myosin is 
expressed, the fluorescence is expected to appear homogeneous 
because the filaments are not able to slide anymore. Unfortunately 
the analysis of enlarged time-series images (Figure 53) did not 
provide any additional information about the recovery pattern.  
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A higher image resolution, faster imaging acquisition and bigger 
ROI followed by image analysis, such as a kymograph or 
measurement of the fluorescence recovery localization over the 
time, could provide further details on this result. Also better 
resolution of the single actin filaments may be achieved with TIRF 
microscopy (total internal refraction fluorescence) (Blanchoin et 
al. 2010). Another option could be using photo-switchable 
markers, such as EOS (Mathur et al. 2010), which would allow 
following the activated dynamics of the ROI for a longer time. 
It can be concluded that from this settings of the experiment, XIK 
does not seem to be involved in the sliding of actin filaments. 
Further investigations were carried to evaluate if the truncated 
myosin has an effect on the recovery pattern of the fluorescent 
cytoskeletal markers. 
The combination of RFP-XIK tail with Lifeact-GFP shows recovery 
values below 50%, suggesting that the fluorescent marker has 
reduced motility (Figure 54). GFP-actin-Cb has a high variability in 
the recovery values and, upon the expression of the truncated 
motor protein the range is slightly higher indicating that part of 
the fluorescent nanobody is more mobile (Figure 58).  
XIK has an effect on each marker, which is difficult to define from 
these data. The overall effect of the co-expression of RFP-XIK tail 
to either cytoskeletal markers is widening the range of the 
fluorescence recovery values, indicating that the dynamics of 
fluorescent probes become more variable (Figure 54 and 58). 
Transient expression techniques do not ensure that all the cells 
have the same expression level of the truncated protein; 
Arabidopsis knock-out lines in XIK could be used instead to avoid 
cell-to-cell protein expression variation (Peremyslov et al. 2008). 
It can therefore be proposed that XIK is participating to the 
organization of the actin filaments, and the expression of the 
mutant would loosen the actin fibers and make them less dynamic 
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so that the probes are more free to bind and release their targets. 
Higher magnification microscopy can be used to obtain a higher 
resolution of actin filaments and study the pattern of recovery in 
the bleached areas. 
This could be also because the expression of RFP-XIK is variable 
from cell to cell, therefore its effect. 
The global values of the FRAP fitted curves provide information 
about the trend in the fluorescence and the recovery half-time. 
The expression of RFP-XIK tail determines a reduction of the 
fluorescence recovery of Lifeact-GFP and GFP-actin-Cb, but in 
both cases this is not significant. This means that the cytoskeletal 
probes can access to the binding sites to the same extent as in the 
control where the native form of the myosin is present. A 
significant difference is instead recorded in the half-times of 
recovery and R values of both markers compared to the relative 
control. Presence of RFP-XIK tail results in a quicker recovery of 
Lifeact-GFP (Figure 57 and 59), while the recovery of the 
nanobody is slower (Figure 60 and 61). This would be in 
accordance with what was observed for the recovery rate of 
Lifeact-GFP, which XIK would loosen the cross-bundling of actin 
filaments and the biding of the probe is weaker and the 
binding/release is quicker. Such a model is also supported by Cai 
et al. (2014) and Peremyslov et al. (2010), where it is observed 
that triple and quadruple mutants of Arabidopsis myosins XI (xi-1, 
xi-2, xi-i, xi-k) determines rearrangement of the cytoskeleton. 
If the filament-filament sliding model is valid, no significant 
differences in the half-time recovery of the nanobody should be 
recorded. Indeed, according to the results obtained in Chapter 4 
and Figure 30, the nanobody does not have cross-bundling 
properties therefore it is not expected to alter the actin-
cytoskeleton organization and at the same time, the binding 
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properties of the nanobody shouldn’t be affected by the bundling 
level of actin filaments. 
The half-time value of GFP-actin-Cb shows a significant increase of 
the recovery time indicating that the expression of XIK tail has a 
stabilizing effect on binding/release of the nano-probe from the 
actin target. These last results do not support the model of 
filaments sliding, but further experiments could be carried to test 
this hypothesis. Improvements to the experimental settings can be 
implemented in order to assess wheter the obtained results are 
not due to experimental limitations. Transient expression 
techniques do not ensure that all the cells have the same 
expression level of the truncated protein; Arabidopsis knock-out 
lines in XIK could be used instead to avoid cell-to-cell protein 
expression variation (Peremyslov et al. 2008). Super resolution 
microscopy would allow obtaining a higher resolution of the 
single filaments and the bleaching of larger areas would allow 
analysing the pattern of the fluorescent recovery of several 
filaments at the same time. 
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Figure 42.  
Normalised curves of the fluorescence recovery after 
photobleaching of Lifeact-GFP and GFP-actin-Cb. 
 
Diagrams showing the fluorescence recovery after photobleaching 
of Lifeact-GFP (A) and GFP-actin-Cb (B) up to 20 seconds after 
photobleaching. The profile of 27 photobleached areas are 
reported and the range of the fluorescence recovery is between 50 
and 90% for Lifeact-GFP, while 26 photobleached areas are used 
for GFP-actin-Cb and the recovery range is 20-90%.  
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Figure 42. 
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Figure 43.  
Profiles of fitted FRAP curves Lifeact-GFP and GFP-actin-Cb. 
 
The fitted FRAP curves of Lifeact-GFP (blue line) and GFP-actin-Cb 
(green line) are compared (A). The % of the max fluorescence 
recovery, half-times (t ½) and recovery rate (R) are reported in 
the table B. 
Lifeact-GFP max recovery percentage is 72.95%, half-time is 0.76 
sec and R is 48% sec-1. GFP-actin-Cb max recovery percentage is 
53.26%, t ½ is 0.34 and R is 73% sec-1. 
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Figure 43.
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Figure 44. 
Bar-chart of the mean fluorescence intensity recovery of 
Lifeact-GFP and GFP-actin-Cb. 
 
A: the mean fluorescence intensity recovery (MFIR) after 
photobleaching of Lifeact-GFP (blue bar) and GFP-actin-Cb (green 
bar) are plotted; the bar lines represent the standard deviation 
(SD).  
B: The figures of mean and SD are reported. The differences in the 
mean are statistically significant (p: 0.00005, indicated as ****) as 
assessed by the unpaired t-test equal variances (significance level 
< 0.05). 
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Figure 44. 
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Figure 45. 
Bar-chart of the mean half-time recovery of Lifeact-GFP and 
GFP-actin-Cb fluorescence after photobleaching. 
 
Half-times mean values of Lifeact-GFP (blue bar) and GFP-actin-Cb 
(green bar) are plotted; the bar lines represent the standard 
deviation (SD)(3A). 
The figures of means and SD are reported in the table 3B. The 
differences observed in the means are statistically significant (p: 
0.00001, indicated as ****) as assessed by the unpaired t-test 
equal variances (significance level < 0.05). 
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Figure 45. 
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Figure 46. 
Transient co-expression Lifeact-GFP, GFP-actin-Cb, ST-GFP to 
RFP-XIK tail in tobacco leaves. 
a) Lifeact-GFP decorates actin filaments. The signal detected in 
the red channel (middle column) is due to a channel cross-
talking and not RFP-XIK tail; scale bar 5 μm. 
b) GFP-actin-Cb binds actin filaments, The signal detected in the 
red channel (middle column) is due to a channel cross-talking 
and not RFP-XIK tail; scale bar 5 μm. 
c) Golgi bodies labelled with ST-GFP. The signal detected in the 
red channel (middle column) is due to a channel cross-talking 
and not RFP-XIK tail; scale bar 20 μm. 
The expression of RFP-XIK was not detected in any experiment 
and pictures were not taken because there was no signal.  
The signal detected in the red channel, that is the RFP-XIK 
column, is GFP fluorescence leaking into the RFP detection 
channel. 
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Figure 46. 
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Figure 47.  
Time-frame images of tobacco leaf cells co-expressing ST-GFP 
and RFP-XIK tail. 
 
A: Representative time-lapse images of Golgi bodies movement, 
inhibited by the expression of the non-functional myosin. The 
arrow indicates the localization of a Golgi body over the time; time 
interval 5 sec. 
B: Time-lapse colour coder image; a colour assigned to each frame 
of the movie the frames merged. Scale bar 10 μm. 
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Figure 47. 
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Figure 48. 
Time-series images of Golgi bodies labelled with ST-GFP 
moving in the cytoplasm. 
 
A: Representative time-series of Golgi bodies; the arrow is 
highlighting one Golgi body moving over the time; time interval 5 
sec. 
B: Time-lapse colour coder image; a colour assigned to each frame 
of the movie the frames merged. Scale bar 5 μm. 
 
  
                                                  Chapter 6 – Actin dynamics 
221 
 
Figure 48. 
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Figure 49. 
Time-lapse images of FRAP of actin filaments labelled with 
Lifeact-GFP. 
 
Time-lapse images showing bleaching (at 0.05 sec, in the circle 
area) and recovery of Lifeact-GFP.  Interval between frames 0.01 
sec. Scale bar 5μm. 
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Figure 49. 
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Figure 50. 
FRAP time-series images of Lifeact-GFP coexpressed to RFP-
XIK tail. 
 
Time-lapse images showing quenching (at 0.05 sec, in the circle 
area) and recovery of Lifeact-GFP co-expressed to RFP-XIK tail.  
Interval between frames 0.01 sec. Scale bar 5μm. 
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Figure 50. 
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Figure 51. 
Time-lapse images showing bleaching and recovery of GFP-
actin-Cb.  
 
Time-series images showing quenching (at 0.05 sec, in the circle 
area) and recovery of GFP-actin-Cb.  Interval between frames 0.01 
sec. Scale bar 5μm. 
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Figure 51. 
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Figure 52. 
FRAP time-series images of GFP-actin-Cb coexpressed to RFP-
XIK tail. 
 
Time-lapse images showing quenching (at 0.05 sec, in the circle 
area) and recovery of GFP-actin-Cb co-expressed to RFP-XIK tail.  
Interval between frames 0.01 sec. Scale bar 5μm. 
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Figure 53. 
Enlarged time-lapse images of the fluorescence recovery after 
photobleaching of the cytoskeletal probes Lifeact-GFP and 
GFP-actin-Cb. 
 
Zoom-in images of the fluorescence recovery are inspected in 
order to assess the pattern of the probes recovery. 
The circle indicates ROI area and the bleaching event occurs at 
time 0.05 sec. The bleached areas have all the same size and the 
different size here are due to the zooming factor. 
a) Lifeact-GFP 
b) Lifeact-GFP and RFP-XIK tail 
c) GFP-actin-Cb 
d) GFP-actin-Cb and RFP-XIK tail 
 Time interval between frames 1 sec. Scale bar 1 μm. 
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Figure 54. 
Normalised curves of the fluorescence recovery after 
photobleaching of Lifeact-GFP and Lifeact-GFP co-expressed 
to RFP-XIK tail. 
 
The fluorescence recovery after photobleaching of (A) Lifeact-GFP 
only (20 bleached areas) or (B) co-expressed to RFP-XIK tail ( 22 
photobleached area) is reported up to 20 seconds; the range of the 
fluorescence recovery is between 50 and 90% for Lifeact-GFP, 
while the co-expression of the truncated myosin has a range of  
25-90%. 
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Figure 55. 
Profiles of fitted FRAP curves of Lifeact-GFP and Lifeact-GFP 
co-expressed to RFP-XIK tail. 
 
Fitted FRAP curves of Lifeact-GFP solely (blue line) and co-
expressed to RFP-XIK tail (orange line) are compared (A). The % 
of the max fluorescence recovery, half-times (t ½) and recovery 
rate (R) are reported in the table B. 
Lifeact-GFP has max recovery percentage of 72.95%, half-time 
0.76 sec and R 48% sec-1.Lifeact-GFP and RFP-XIK tail has 
recovery percentage 64.43 %, t ½ is 0.53 and R is 61% sec-1. 
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Figure 56. 
Bar-chart of the mean fluorescence recovery of Lifeact-GFP 
and Lifeact-GFP co-expressed to RFP-XIK tail. 
 
Mean intensity fluorescence recovery (MFIR) after 
photobleaching of Lifeact-GFP solely (blue bar) and expressed 
along with RFP-XIK tail (orange bar) are plotted; the bar lines 
represent the standard deviation (SD) (A). 
The figures of mean and SD reported in the table B. The 
differences in the mean are not statistically different as assessed 
by the unpaired t-test equal variances (significance level < 0.05).  
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Figure 57. 
Bar-chart of the mean fluorescence half-time recovery of 
Lifeact-GFP solely and co-expressed to the tail domain of XIK.  
 
Half-times mean values of Lifeact-GFP (blue bar) and the 
cytoskeletal marker co-expressed to RFP-XIK tail (orange bar) are 
plotted (A). The bar lines represent the standard deviation (SD). 
The figures of means and SD are reported in the table below the 
plot. The figures of mean and SD reported in the table below the 
plot. The differences in the mean are statistically different (p: 
0.004, indicated as *) as assessed by the unpaired t-test equal 
variances (significance level < 0.05) (B). 
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Figure 58. 
Normalised curves of the fluorescence recovery after 
photobleaching of GFP-actin-Cb and GFP-actin-Cb co-
expressed to RFP-XIK tail. 
 
The fluorescence recovery after photobleaching of GFP-actin-Cb 
(A) or co-expressed to RFP-XIK tail (B) is reported up to 20 
seconds; the range of the fluorescence recovery is between 20 and 
90% for GFP-actin-Cb, and the co-expression of the truncated 
myosin determines a range of  20-98%. 
 
  
                                                                                                   Chapter 6 – Actin dynamics 
241 
 
Figure 58. 
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Figure 59. 
Profiles of fitted FRAP curves of GFP-actin-Cb and GFP-actin-
Cb co-expressed to RFP-XIK tail. 
 
Fitted FRAP curves of GFP-actin-Cb solely (green line) and co-
expressed to RFP-XIK tail (red line) are compared (A). The % of 
the max fluorescence recovery, half-times (t ½) and recovery rate 
(R) are reported in the table B. 
GFP-actin-Cb has max recovery percentage of 53.26%, half-time 
0.34 sec and R 73% sec-1. GFP-actin-Cb and RFP-XIK tail has 
recovery percentage 52 %, t ½ is 0.42 and R is 62% sec-1. 
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Figure 60. 
Bar-chart of the mean fluorescence recovery of GFP-actin-Cb 
and GFP-actin-Cb co-expressed to RFP-XIK tail. 
 
Mean fluorescence intensity recovery (MFIR) after 
photobleaching of GFP-actin-Cb (green bar) and GFP-actin-Cb co-
expressed to RFP-XIK tail (magenta bar) are plotted (A); the bar 
lines represent the standard deviation (SD).  
The figures of mean and SD reported in the table below the plot 
(B). The differences in the mean are not statistically different as 
assessed by the unpaired t-test equal variances (significance level 
< 0.05). 
  
                                                  Chapter 6 – Actin dynamics 
245 
 
Figure 60. 
 
±
±
  
                                                                                                   Chapter 6 – Actin dynamics 
246 
 
Figure 61. 
Bar-chart of the mean fluorescence half-time recovery of the 
fluorescent nanobody solely and co-expressed to the tail 
domain of XIK.  
 
Half-times mean values of GFP-actin-Cb (green bar) and the 
cytoskeletal marker co-expressed to RFP-XIK tail (magenta bar) 
are plotted. The bar lines represent the standard deviation (SD) 
(A). 
The figures of means and SD are reported in the table (B). The 
differences observed in the means are statistically different (p: 
0.004, indicated as *) as assessed by the unpaired t-test equal 
variances (significance level < 0.05). 
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Figure 62. 
Mechanisms of interaction between the fluorescent nanobody 
and actin strands. 
 
According to outcomes of FRAP data, two scenarios are 
hypothised. The nanobody has a single target on actin subunits 
and accessibility to it can vary when the actin is polymerized (top 
panel). The other option is that the target sequence of the 
antibody is present in multiple domains, which are more or less 
accessible (panel below). The grade of accessibility to the target 
sequence, would determine a different stabilization and strength 
of the interaction, therefore a wide variability in the recovery of 
the fluorescence. 
The possible interactions are: 
 
1- target partially accessible to the antibody - no stable binding 
2- target not accessible to the nanoboby - no binding 
3- target is accessible to the nanobody - stable binding 
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Figure 63. 
Model showing the interaction between Lifeact-GFP and actin 
filaments. 
 
The results from the fluorescence recovery after photobleaching 
of Lifect-GFP, lead us to elaborate the following model. Lifeact 
peptide maintains the cross-bundling properties and for this 
reason interacts with the actin target slower and more stably. 
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7. Localization study of 
Kinesin-13a 
 
 
7.1 Introduction 
 
For a long time, actin and microtubule networks have been viewed as 
separate and with different functions. Recent results demonstrate 
that instead these two components can cross-talk and a physical 
dynamic interaction exists (Collings and Nick 2008). Several classes 
of proteins are involved in connecting the actin filaments to the 
microtubules (Petrasek and Schwarzerova 2009) and both types of 
filaments are involved in moving and positioning organelles, such as 
plastids, mitochondria and Golgi bodies (Brandizzi and Wasteneys 
2013).  
In plants, the largely accepted model is that F-actin provides the main 
tracks for Golgi body movement and the myosins are the driving 
forces (Akkerman et al. 2011, Brandizzi and Wasteneys 2013, 
Sparkes et al. 2008)(See section 1.3.2). The role of microtubules, in 
relation to Golgi body kinetics, is not very clear and it is suggested 
that they assist the positioning of organelles. Work by Crowell et al. 
(2009) demonstrates that in Arabidopsis the insertion of the 
cellulose synthase complex (CSC) in the plasma membrane is 
concomitant to Golgi pausing on microtubules.  
The movement of cargo on animal microtubules is mediated by two 
classes of motor proteins: the kinesins and dynein. The first group 
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drives a plus-end directed movement, while dynein determines the 
movement towards the minus-end (Horgan and McCaffrey 2011). The 
analysis of plant genomes showed that plants lack dynein and 
compensated the loss of these motor proteins by developing the 
functional homologous minus-end kinesins (Wickstead and Gull 
2007). In Arabidopsis, 61 genes encode kinesin proteins and they are 
grouped into 14 families (Lee and Liu 2004, Reddy and Day 2001). 
Among them, immunochemistry has shown that kinesin-13a localizes 
on Golgi bodies in Arabidopsis cells (Lu et al. 2005). Kinesin-13a is 
has an internal motor domain (Figure 64) and is not able to move 
along microtubules, but does have a microtubule depolymerizing 
activity (Wei et al. 2009). A knock-out mutant of Kinesin-13a in 
Arabidopsis shows a different morphology of Golgi stacks in root-cap 
peripheral cells with aggregation of Golgi bodies (Lu et al. 2005, Wei 
et al. 2009), four branched thrichomes and smaller secondary cell 
wall pits (Oda and Fokuda 2013). The overexpression of kinesin-13a 
causes the disruption of cortical microtubules in root epidermal cells 
and the formation of large secondary cell wall pits in root metaxylem 
vessel (Oda and Fokuda 2013). A mutant of kinesin-13a lacking the 
motor domain but maintaining the coiled-coil domain localizes to the 
cytoplasm and the microtubule depolymerizing activity is lost (Oda 
and Fokuda 2013).  
The localization studies published so far used immunolabeling 
techniques in an inducible system in Arabidopsis.  
 
In this chapter, the localization of kinesin-13a full length and a 
mutated version fused to a fluorescent marker at either termini is 
studied after transient expression in tobacco to understand if this 
protein is involved in anchoring the Golgi bodies to microtubules. 
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7.2 Results 
 
Initially a bioinformatics analysis was performed to gain information 
about the domain organization of Atkinesin-13a.  The protein 
sequence is 794 aa long and the putative motor domain is comprised 
between the amino acid 185 and 533, followed by a predicted coiled-
coiled domain (Figure 64). This confirmed the work by Lu et al. 
(2005). The mutated version of the protein was obtained by 
removing the motor domain (aa 1-607) while the coiled-coil domain 
was maintained (Figure 65). The truncated protein was 188 amino 
acids long and was fused to fluorescent tags at either end (Figure 66). 
Kinesin-13a is coded by the At3g16630 gene, the cDNA sequence was 
obtained from Genebank (accession number AY056129) (Figure 67) 
and the DNA sequence was cloned via PCR (See section 2.6.2). 
Primers were designed to pair at the start codon and at the stop 
codon of the At3g16630 gene to generate the full length or in position 
1601 and at the stop codon to produce the motor truncated version 
(See section 2.5). The products of the PCR reactions were checked on 
agarose gels that confirmed the expected base pair length for the full 
length (2500 bp approximately) and for the truncated version 
(approximately 900bp) (Figure 68). 
After gel extraction, the PCR products were sent for sequencing and 
the sequence alignment was performed for both the full length and 
the mutant (Appendix IV). PCR products were cloned into the 
appropriate expression vector that allowed the N or C terminal 
fusions to a fluorescent tag and expression in tobacco plants via 
agrobacterium infiltration. 
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The plasmids containing the gene sequence for fusion proteins were 
sent for sequencing and successively aligned to the CDS sequence to 
verify if the kinesin sequence was in frame with the fluorescent 
marker (only the alignment of GFP-kinesin-13a is reported, Appendix 
IV). The plasmids were then used to transform agrobacterium which 
was infiltrated into tobacco plants (See section 2.4). Different 
infiltration OD were tested (0.1, 0.03 and 0.05) and the optimal 
expression settings were found as in Table 11.  
 
Table 11. List of kinesin fusion proteins and relative transient 
expression conditions. 
Construct OD600 Days from 
infiltration 
Kinesin-13aD-GFP 0.05 2 or 3 
Kinesin-13aD-RFP 0.05 2 or 3 
GFP- Kinesin-
13aD 
0.05 2 
RFP- Kinesin-
13aD 
0.05 2 
Kinesin-13a-GFP 0.03 2 
Kinesin-13a-RFP 0.03 2 
GFP- Kinesin-13a No expression - 
RFP- Kinesin-13a No expression - 
 
 
Kinesin-13a with the truncated motor domain and to GFP or RFP at 
either ends localized in the cytoplasm (Figure 69 C, D, E, and F). The 
full-length sequence tagged with the fluorescent marker at the C-
terminus was also found in the cytoplasm (Figure 69 A and B) but the 
full length fused to GFP or RFP at the N-terminus is not expressed in 
plants (fluorescence not detected, data not shown). Unfortunately no 
Golgi labelling was found in any of the experiments. 
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7.3 Discussion  
 
The localizations of kinesin-13a and its mutant lacking the motor 
domain were studied in vivo in tobacco leaves.  
As shown in Chapter 4 (Figure 28), the position and the type of 
fluorescent tag in the fusion protein can affect the localization and the 
cytoskeleton organization. This last aspect has to be taken into 
consideration when investigating the dynamics of organelles in 
relation to the cytoskeleton. Therefore, different combinations of 
fluorophores and kinesin motor protein (RFP or GFP at N-terminus 
or C-terminus) were generated to evaluate if there is any difference 
in the intracellular localization of the fusion protein. When the full-
length protein fused to GFP or RFP at N-terminal, no fluorescent 
signal was detected (images not shown). Two further strategies could 
be attempted to make sure that it was not due to a technical error. 
The infiltration ODs were tested to a maximum of 0.05; an higher 
optical density (0.1) could be used to exclude that the lack of 
fluorescent signal is not due to a low level of fluorescent protein. 
Furthermore, the expression was monitored to a maximum of 2 days 
from the infiltration event, and a prolonged expression time can be 
tested for instance, as observed with GFP-TUA (See section 2.4) 
microtubules markers can take up to 3 day to be visible. However, it 
cannot be excluded that the tag at the N-terminus could interfere 
with the protein folding and generate an aberrant fusion protein that 
is degraded. This could have been tested performing western blot 
technique with either an antibody detecting the kinesin or the GFP 
tag. 
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Immunochemical studies (Lu et al. 2005, Wei et al. 2009) localised 
Atkinesin-13a on Golgi stacks and in vivo studies showed inconsistent 
results. The construct GFP-kinesin-13a, under its native promoter, is 
expressed in differentiating xylem Arabidopsis cultured cells and 
localises along microtubules in secondary wall pits and in the 
cytoplasm. In non-xylem cultured cells RFP-kinesin-13a expressed 
under LexA inducible system, labels microtubule segments (Oda and 
Fukuda 2013).  
In differentiating cultured Arabidopsis cells, the mutant RFP-kinesin-
13aD localizes on microtubule pits whereas GFP-kinesin-13aD mainly 
locates in the cytoplasm and only small fraction of microtubule pits 
were labelled; the differences in the localization of the two 
fluorescent version of the same truncated construct was not 
investigated further.  
The over-expressed kinensin-13a-GFP/RFP in tobacco leaf cells, was 
not detected either on Golgi bodies (Lu et al. 2005) or on microtubule 
pits (Oda and Fukuda 2013); both the fluorescent constructs labelled 
the cytoplasm (Figure 69A and B); the localization of kinesin-13a 
deprived of the motor domain fused to fluorescent reporter 
(GFP/RFP at N or C terminal) resulted in a cytoplasmic localization 
(Figure 69 C,D,E,F) indicating the position of the fluorophore does not 
affect the intracellular localization and partially confirming the work 
by Oda et al. (2010) in Arabidopsis suspension cells.  
A more attentive analysis of the nucleotidic sequences of the fusion 
protein Kinesin-13a revealed that the sequencing covered only a 
small part of the construct and was not possible to understand if the 
nucleotide sequence of kinesin-13a is aligned to that of the GFP.  The 
differences in the localization of Kinesin-13a between the results 
presented in this chapter and previous works may be due to a 
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technical error in the cloning that led to an aberrant fusion protein. 
Further experiments are required to assess if such errors occurred. 
If the technical error will be excluded, and the differeing localization 
it is confirmed, it can be suggested that it is due to differences in the 
cell types and developmental stage used, Arabidopsis culture cells 
and leaf tobacco non-dividing cells respectively.  
In the work by Oda and Fukuda (2013) it is hypothized that kinesin-
13a is involved in pausing the movement of Golgi bodies on 
microtubules; this together with the evidence that Golgi bodies pause 
on microtubules to insert CasA into the plasma membrane to 
synthetize cellulose fibrils (Crowell et al. 2009) led me to postulate 
that there is a correlation between kinesin-13a and the deposit of 
cellulose, therefore it can be argued that function and localization of 
kinesin-13a depends on the developmental stage of the cell and cell 
types. For example, dividing cells cellulose is rapidly laid down at the 
cell plate, while in fully developed cells the deposit of cellulose is 
reduced (Boron and Vissenberg 2014, Miart et al. 2014). In Oka and 
Fukuda (2013) it is also hypothised that the localization of kinesin-
13a is regulated by MDD1 (Microtubule depletion domain 1); this 
argument is used to explain the discrepancy in the localization of the 
kinesins (Lu et al. 2005, Wei et al. 2009). Both the full-length and 
mutated fusion could be used for further experiments. The constructs 
could be co-expressed to MDD1; MDD1 would recruit the kinesin 
from the cytoplasm to the microtubules where it exerts its 
depolymerizing function. Additionally, the movement of Golgi bodies 
could be tracked when both kinesin-13a and MDD1 are expressed. 
The instant velocities of Golgi bodies in correspondence of 
microtubules could be compared when the full-length motor protein 
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or the mutant are over-expressed to evaluate the role of kinesin-13a 
in the microtubule/Golgi bodies interaction. 
 
In conclusion it is unclear as to the real function of the putative plant 
Golgi kinesin and further experimentation is required.  
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Figure 64.  
Representation of the domain organisation of AtKinesin-13a.  
 
A. Primary protein sequence of AtKinesin 13a. The protein length is 
794 aa. The internal motor domain is 185-533 aa (highlighted in 
yellow), coiled-coil domain predicted 703-742aa (highlighted in 
green). 
B. Diagram representing the domain organization. In yellow the 
internal motor domain and in green the coiled-coil domain 
C. Table summarizing the functions of the kinesin single domains. 
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Figure 64. 
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Figure 65.  
Representation of the domain organisation of the truncated 
version of AtKinesin-13a.  
 
A: Primary protein sequence of AtKinesin-13a deleted of the motor 
domain. To generate AtKinesin-13aD The internal motor and flanking 
sequences (highlighted in grey) are deleted while the coiled-coil 
domain is maintained resulting in a protein of approximately 150 aa 
and unable to dimerize. 
B: Diagram representing the domain organization of AtKinesin-13aD . 
In yellow the internal motor domain and in grey the sequence 
deleted. 
 
Figure 66.  
Representation of the microtubule motors fusion proteins. 
 
1 and 2: Full length sequence of kinesin-13a fused to GFP/RFP either 
N or C terminal end 
3 and 4: kinesin-13a truncated of the motor domain domain and 
fused to RFP/GFP at either ends 
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Figure 67.  
cDNA sequence of At3g16630 coding for Atkinesin-13a. 
 
The cDNA sequence of kinesin-13a gene is obtained from Genebank. 
In bold, the nucleotide sequence where the forward primer pair to 
obtain the truncated version Atkinesin-13D 
Figure 68.  
Agarose gel of PCR cloning products kinesin-13a and 
kinesin13a-D. 
 
Atkinesin-13a and Atkinesin-13D cDNA sequence are amplified with 
PCR and the PCR products loaded on 1% agarose gel. The molecular 
weights are as expected: full-length 2.500 bp and the mutant 700 bp. 
A 1kb DNA ladder is loaded as well to estimate the PCR products 
length. 
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Figure 67. 
 
Figure 68. 
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Figure 69.  
Transient expression of kinesin-13a and kinesin-13aD fused to 
fluorescent tags to with ends in N.tabacum. 
 
A and B: Kinesin-13A-GFP and kinesin-13a-RFP localize in the 
cytoplasm. Pictures of RFP/GFP N-terminal fusions are not reported 
because no fluorescent signal was detected. 
C and F: Kinesin-13A-GFP/RFP localize in the cytoplasm. 
D and E: GFP/RFP-Kinesin-13A localize in the cytoplasm. 
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Figure 69. 
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General discussion and 
future work  
In this thesis, Golgi body dynamics are studied in relation to the 
components of the cytoskeleton. The movement of Golgi bodies 
mainly depends on the actin-cytoskeleton, and the 
depolymerisation of actin filaments stops the movement of the 
organelles (Boevink et al 1998, Akkermann et al. 2011). 
Fluorescent Golgi bodies were tracked to understand and quantify 
the contribution of actin filaments and microtubules to the 
organelle dynamics. A more accurate statistical approach is 
described and validated to generate an accurate analysis of the 
tracking data. Tracking results showed that the movement of Golgi 
bodies is very variable and disruption of actin filaments reduces 
the velocity, displacement rate and meandering index indicating 
that they have a major role in their motility. Several works in 
literature demonstrate that the rearranging of actin is highly 
regulated. For example, chloroplasts move in response to 
environmental light conditions and their relocation is mainly 
depending on actin filaments. Indeed, the exposure to the light 
triggers a signalling cascade that regulates the organization of 
actin filaments (Kong and Wada 2014). The plant actin 
cytoskeleton plays a role in signalling defence triggered by 
pathogen infection (Porter and Day, 2016). Three actin-binding 
protein formins, profilins and ADF (actin depolymerization 
factors) demonstrated to be involved in mediating between the 
cell wall and the actin-cytoskeleton (Cvrčková, 2013). In Takemoto 
et al 2003, it was observed that actin filaments form bundles, the 
ER membrane aggregates and and Golgi bodies cluster together at 
the pathogen infection site suggesting that the production and 
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secretion of plant materials were activated around the 
penetration site.  
It was also demonstrated that Golgi bodies and ER are physically 
connected (Sparkes et al. 2009) and that actin filaments are also 
involved in rearranging the ER and in controlling cell growth 
(Griffin et al. 2016). 
The motility of Golgi bodies is depending on intact actin filaments, 
as demonstrated in this thesis, and myosins (Avisar et al, 2008). 
Only recently, a SNARE-type protein anchoring the ER to the actin 
has been characterised (Cao et al, 2016). The disruption of the 
cytoskeleton has no obvious effect on the ER-Golgi trafficking in 
plants (Brandizzi et al 2002, Saint-Jore et al 2002) but it inhibits 
the trafficking of two vacuolar reporters (Kim et al, 2005) and of 
the cellulose synthase complexes (Wightman and Turner, 2010). 
On the basis of the observations that both ER and Golgi bodies are 
linked to the actin filaments and that they are physically 
connected, together with the work presented in this thesis,  it can 
be hypothesised that the actin-cytoskeleton coordinates the 
dynamics of Golgi bodies and ER, probably to increase the 
efficiency of the protein trafficking between these two 
compartments and from the Golgi bodies to the final destination.  
The cytoskeleton also represents the link between the 
extracellular events and intracellular processes such as the 
defence response to pathogen invasion. While the actin filaments 
bundle on the site of penetration, the disruption of actin either by 
actin depolymerizing drugs eases penetration of pathogens into 
plant tissue. In addition, for cell wall deposition, the vesicular 
trafficking is an indispensable process in which actin cytoskeleton 
plays an important role (Porter and Day, 2016). 
The tracking was also performed when microtubules were 
depolymerised but the movement analysis conducted was not 
sensitive enough to quantify the role of microtubules and no 
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conclusion could be drawn. A further analysis is proposed: the 
study of instant velocities, that is the velocity value in each frame, 
could provide this information and, together with the data 
obtained from the disruption of actin filaments, how the motility 
of these organelles is modulated. The evidence that Golgi bodies 
pause on microtubules to deposit the cellulose synthase complex 
(Crowell et al. 2009) indicates that the movement of Golgi bodies 
is not random but finely regulated to deliver the cargo of Golgi 
bodies to specific locations. Proteins bridging between 
microtubules and actin filaments (Collings 2008) support such a 
model, and the cross-talk between the components of the 
cytoskeleton may be involved in the positioning of the organelles.  
The organisation of the actin cytoskeleton is not known and 
different fluorescent fusions markers have been developed to 
label it (Riedl et al. 2008, Katelaar et al. 2004, Sheahan et al. 2004, 
Lemieux et al. 2013). All the fluorescent reporters available depict 
a different organisation of the actin network and it is not known if 
they preferentially bind fine filaments rather than cables (and vice 
versa) or if they change the aggregation state of actin filaments. 
The study of Golgi dynamics using tracking techniques can 
provide information about the effect of the actin-markers on the 
filament organization and dynamics. Different actin-cytoskeletal 
markers were tested for their suitability for Golgi body dynamics 
studies and compared to a novel cytoskeletal probe, a fluorescent 
actin nanobody. Lifeact-GFP is commonly used to label the actin 
filaments but proved to affect the organization of actin and 
favours the formation of stable actin bundles (Van der Honing et 
al. 2011). An alpaca nanobody fused to a fluorescent protein, was 
optimised for decorating the actin cytoskeleton in plant in vivo. 
The nanobody did not favour the aggregation of actin filaments 
and had less effect on their stability compared to Lifect-GFP. To 
further investigate the effect of the markers on the organelle 
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motility, Golgi bodies were tracked in presence of either Lifeact-
GFP or the fluorescent nanobody (YFP-actin-Cb). The data 
demonstrated that Lifeact-GFP changed the behaviour of Golgi 
bodies whereas the nanobody did not affect the pattern of the 
movement. The FRAP technique (fluorescent recovery after 
photo-bleaching) can provide information about the binding 
dynamics of the probes (Sprague and McNally, 2005) and such a 
technique was used to compare the binding dynamics of YFP-
actin-Cb and Lifeact-GFP. The fluorescent nanobody stably binds 
to the actin and did not perturb actin filament organization, 
proving it to be a valuable tool to study the movement of 
organelles in relation to actin filaments; Lifeact-GFP has cross-
bundling properties and this leads to the formation of actin 
bundles which changes the pattern of the organelle dynamics and 
favours the directional movement. Therefore is not a good probe 
to study the actin-dependent motility of organelles. Although 
expression of the nanobody construct slows organelle movement, 
I recommend its use for the study of the pattern of actin and 
organelle dynamics. Subsequent to the work carried out in this 
thesis, a stable actin nanobody stable arabidopsis line has been 
generated in our laboratory. This should be used to repeat the 
Golgi movement studies and to carry them out using higher 
resolution confocal microscopy. In animal, fluorescent actin 
monomers are used to study the dynamic behaviour of actin (Ladt 
et al 2016). In plants, the expression of fluorescent G-actin 
monomers itself did not prove to be efficient because most of it 
stays in monomeric form diffused in the cytoplasm, resulting in a 
strong fluorescent cytoplasmatic background (Lemieux et al. 
2013). The optimisation of fluorescent actin monomers in plants 
could represent the solution to actin labelling without 
compromising the dynamics. 
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Optical tweezers permit the manipulation and displacement of 
micro-size particles and were used to trap Golgi bodies and 
investigate any physical links between the organelles and actin 
filaments (Sparkes and Brandizzi, 2012). Optical trapping showed 
that when a Golgi body is pulled away from a filament, the 
filament would follow until the organelle separated; considering 
the evidence that actin is involved in maintaining the organization 
of the endoplasmic reticulum and that Golgi bodies are linked to 
the ER, it cannot be excluded that, when a Golgi body is displaced 
by the optical trap, the actin filaments would follow because it is 
associated to the ER and this would support the hypothesis that 
actin is coordinating the dynamics of these two compartments. 
The trapping was also performed under depolymerizing 
conditions: when the actin filaments were disrupted there was an 
increase in the number of the Golgi bodies that could be trapped, 
which may indicate that the Golgi bodies and actin filaments are 
connected. Trapping results were not significant when the 
microtubules were absent and this could reflect the fact that 
microtubules only partially contribute to Golgi dynamics and a 
limitation of the system in detecting weak interactions. Higher 
resolution confocal microscopy could in future be used to achieve 
a better resolution of single actin filaments and, in combination 
with optical tweezers, could reveal if there is any physical 
connection between the actin filaments and Golgi bodies. 
Additionally, I would recommend performing a calibration test of 
the laser power to establish the suitable settings to detect minor 
interations, such as the relation between Golgi bodies and 
microtubules. 
The model in which organelles move on actin filaments (Boevink 
et al. 1998) and their movement is powered by the actin motor 
proteins myosin (Akkerman et al. 2011) was challenged. The fact 
that myosin XIK, that is specifically involved in the regulation of 
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Golgi body movement and does not decorate Golgi bodies in vivo 
(Avisar et al. 2011), led to the hypothesis that actin filaments may 
slide one on top of one another and pull Golgi bodies along with 
the ER rather than Golgi bodies moving on actin filaments 
(Sparkes 2010). This hypothesis was tested using the FRAP 
technique: fluorescent labelled actin filaments were bleached 
when the native myosin or the non-functional version was over 
expressed, and the recovery of the fluorescence followed; the 
results did not totally support this model but suggested that 
myosin XIK may have a role in the organization of the actin-
cytoskeleton. In future, bleaching protocols using the new 
generation of super resolution confocal microscopes with more 
sensitive detectors should be used to repeat these experiments 
with much higher sensitivity and over larger areas of cells. 
I also investigated the role of the microtubule motor protein 
kinesin-13a. This kinesin is the only microtubule protein localised 
on Golgi bodies (Lu et al. 2005) and may represent the link 
between Golgi and microtubules; its localisation was studied with 
immunochemical techniques  (Lu et al. 2005, Oda and Fukuda, 
2013) but the evidence was not clear. A fluorescent version of 
kinesin-13a and a mutant lacking the motor domain were 
produced and overexpressed in tobacco plants to study the 
localization in vivo. Additional experiments could be conducted 
with these constructs, like for example, tracking and trapping in 
the presence of the full-length kinesin and truncations to check if 
there is any change in the fine regulation of Golgi bodies by 
microtubules.  
Tracking, trapping and FRAP techniques combined with the 
expression of motor protein mutants are promising tools to reveal 
how actin and microtubule regulate the movement of Golgi bodies.  
Further adjustments to these techniques are needed to increase 
their ability to detect the fine- tuning of the organelle dynamics 
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regulated by microtubules. Finally, an in vitro system could be 
designed where fluorescent Golgi bodies are added to actin and 
microtubule network gown on glass slides. Motility could be 
induced by the addition of cytosol and/or ATP and 
depolymerising agents and inhibitors could subsequently be 
tested. Movement data and trapping data could be collected under 
these more controlled conditions. Likewise proteins bridging the 
components of the cytoskeleton could be also tested to evaluate 
how they co-regulate the movement of the organelles.  
 
Golgi bodies are main stations in the secretory pathway and are 
involved in protein processing and sorting to different 
destinations (Drakakaki and Dandekar, 2013; Foresti and Denecke, 
2008) and their movement is essential to the correct trafficking of 
proteins to the final destination (Kim et al, 2005; Wightman and 
Turner, 2010). This work aimed at analysing how the cytoskeleton 
regulates Golgi bodies dynamics and what is the contribution of 
each component of the cytoskeleton to the movement. 
Understanding the relation between actin/microtubules and Golgi 
bodies has biotechnological application such as directing the 
trafficking of proteins to a certain compartment. Golgi bodies also 
regulate the localization cell wall components, so the dissection of 
their movement mechanism potentially could increase the 
cellulose yield in plants. Golgi bodies have also a role in pathogen 
response and resistance (Porter and Day, 2016); therefore can be 
considerated good candidates to improve plant resistance to 
pathogens.
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Appendix II 
Example of frequency tables to generate CDF plots. 
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Appendix II 
Results of Mann-Whitney and Kolmogorov-Smirnov test 
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Appendix IV 
Alignment of the sequenced PCR product Atkinesin-13a to the 
CDS sequence of the kinesin gene 
The Kinesin-13a gene sequence was amplified with PCR and 
sequenced. The sequenced gene (query) was successively aligned 
to the Atkinesin-13a annotated sequence (subject) to verify the 
cloning.  
Query  92    CAGGGCTTCATGGGCGGCCAAATGCAGCAAAACAATGCTGCGGCTGCGACGGCGCTTTAC  150 
             ||| || ||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  350   CAGCGCCTCATGGGCGGCCAAATGCAGCAAAACAATGCTGCGGCTGCGACGGCGCTTTAC  409 
 
Query  151   GATGGGGCTTTACCCACTAATGACGCAGGAGATGCAGTCATGGCACGGTGGCTTCAATCC  210 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  410   GATGGGGCTTTACCCACTAATGACGCAGGAGATGCAGTCATGGCACGGTGGCTTCAATCC  469 
 
Query  211   GCTGGTTTGCAGCATTTGGCGTCTCCTGTTGCTTCTACAGGCAATGATCAGCGTCACCTC  270 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  470   GCTGGTTTGCAGCATTTGGCGTCTCCTGTTGCTTCTACAGGCAATGATCAGCGTCACCTC  529 
 
Query  271   CCAAACCTTCTCATGCAGGGTTATGGAGCTCAGACTGCTGAAGAGAAACAAAGACTGTTC  330 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  530   CCAAACCTTCTCATGCAGGGTTATGGAGCTCAGACTGCTGAAGAGAAACAAAGACTGTTC  589 
 
Query  331   CAACTAATGAGAAATCTCAATTTTAATGGGGAGTCGACTTCTGAATCATATACACCAACT  390 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  590   CAACTAATGAGAAATCTCAATTTTAATGGGGAGTCGACTTCTGAATCATATACACCAACT  649 
 
Query  391   GCTCACACATCAGCAGCTATGCCCTCTTCGGAAGGATTTTTTTCACCTGAGTTCAGAGGT  450 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  650   GCTCACACATCAGCAGCTATGCCCTCTTCGGAAGGATTTTTTTCACCTGAGTTCAGAGGT  709 
 
Query  451   GATTTTGGAGCAGGATTATTGGATCTTCATGCAATGGATGATACAGAGCTTCTATCTGAG  510 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  710   GATTTTGGAGCAGGATTATTGGATCTTCATGCAATGGATGATACAGAGCTTCTATCTGAG  769 
 
Query  511   CATGTGATTACCGAACCCTTTGAGCCGTCACCTTTCATGCCTAGTGTAAATAAAGAATTT  570 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  770   CATGTGATTACCGAACCCTTTGAGCCGTCACCTTTCATGCCTAGTGTAAATAAAGAATTT  829 
 
Query  571   GAAGAAGACTATAATTTGGCAGCTAATCGTCAACAGCGGCAACAGACAGAAGCTGAACCT  630 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  830   GAAGAAGACTATAATTTGGCAGCTAATCGTCAACAGCGGCAACAGACAGAAGCTGAACCT  889 
 
Query  631   TTGGGTTTATTGCCTAAAAGTGATAAAGAAAATAACAGTGTAGCCAAGATTAAAGTAGTG  690 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  890   TTGGGTTTATTGCCTAAAAGTGATAAAGAAAATAACAGTGTAGCCAAGATTAAAGTAGTG  949 
 
Query  691   GTAAGGAAAAGACCCCTAAACAAGAAAGAAACAGCTAAAAAGGAGGAGGATGTCGTGACG  750 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  950   GTAAGGAAAAGACCCCTAAACAAGAAAGAAACAGCTAAAAAGGAGGAGGATGTCGTGACG  1009 
 
Query  751   GTATCTGATAATTCTTTGACTGTCCATGAGCCCAGAGTGAAGGTTGATTTGACTGCTTAT  810 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1010  GTATCTGATAATTCTTTGACTGTCCATGAGCCCAGAGTGAAGGTTGATTTGACTGCTTAT  1069 
 
Query  811   GTGGAAAAGCATGAGTTCTGCTTTGATGCTGTTCTAGATGAGGATGTTTCAAATGACGAG  870 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1070  GTGGAAAAGCATGAGTTCTGCTTTGATGCTGTTCTAGATGAGGATGTTTCAAATGACGAG  1129 
 
Query  871   GTGTATCGGGCCACAATTGAGCCAATAATTCCCATTATTTTCCAGAGAACTAAAGCTACA  930 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1130  GTGTATCGGGCCACAATTGAGCCAATAATTCCCATTATTTTCCAGAGAACTAAAGCTACA  1189 
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Alignment of the sequenced PCR product Atkinesin-13aD to 
the CDS sequence of the kinesin gene. 
The identity of the alignment of the sequenced kinesin-13aD clone 
(query) to the cDNA annotated sequence (subject)  
Query  105   AAGGATCCTTTGTTGGGCCCAAATGATGTAGAAGATGTCTTTGAGCCTCCACAGGAAGTG  164 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1994  AAGGATCCTTTGTTGGGCCCAAATGATGTAGAAGATGTCTTTGAGCCTCCACAGGAAGTG  2053 
 
Query  165   AATGTACCAGAAACCAGGAGGAGGGTGGTCGAGAAGGACAGCAACAGCAGTACGTCGGGT  224 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2054  AATGTACCAGAAACCAGGAGGAGGGTGGTCGAGAAGGACAGCAACAGCAGTACGTCGGGT  2113 
 
Query  225   ATTGACTTCAGACAGCCTACAAATTATCGAGAGGAAAGTGGAATCCCATCATTCTCAATG  284 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2114  ATTGACTTCAGACAGCCTACAAATTATCGAGAGGAAAGTGGAATCCCATCATTCTCAATG  2173 
 
Query  285   GACAAGGGAAGATCAGAGCCGAACAGTTCTTTTGCTGGCTCCACTAGTCAGAGAAACAAC  344 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2174  GACAAGGGAAGATCAGAGCCGAACAGTTCTTTTGCTGGCTCCACTAGTCAGAGAAACAAC  2233 
 
Query  345   ATTTCTTCATATCCCCAAGAAACTTCAGACCGTGAAGAGAAAGTAAAGAAAGTGTCACCA  404 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2234  ATTTCTTCATATCCCCAAGAAACTTCAGACCGTGAAGAGAAAGTAAAGAAAGTGTCACCA  2293 
 
Query  405   CCTCGTGGGAAAGGGTTGCGGGAAGAAAAACCAGACAGACCACAAAATTGGTCTAAAAGA  464 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2294  CCTCGTGGGAAAGGGTTGCGGGAAGAAAAACCAGACAGACCACAAAATTGGTCTAAAAGA  2353 
 
Query  465   GATGTCAGTTCGTCGGATATCCCTACCTTGACAAATTTTAGACAGAACGCAAGTGAAACT  524 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2354  GATGTCAGTTCGTCGGATATCCCTACCTTGACAAATTTTAGACAGAACGCAAGTGAAACT  2413 
 
Query  525   GCTTCAAGGCAATATGAAACCGCTTCAAGGCAATATGAAACCGACCCTTCGCTTGATGAA  584 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2414  GCTTCAAGGCAATATGAAACCGCTTCAAGGCAATATGAAACCGACCCTTCGCTTGATGAA  2473 
 
Query  585   AACCTCGATGCACTGCTTGAGGAAGAAGAAGCTCTGATTGCAGCGCACAGAAAAGAAATT  643 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2474  AACCTCGATGCACTGCTTGAGGAAGAAGAAGCTCTGATTGCAGCGCACAGAAAAGAAATT  2533 
 
Query  644   GAGGATACAATGGAGATTGTTCGCGAGGAAATGAAACTTCTAGCGGAGGTGGGACCAACCG  702 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2534  GAGGATACAATGGAGATTGTTCGCGAGGAAATGAAACTTCTAGCGGAGGTGGACCAACCGG 2593 
 
Query  703   GGAAGCATGATAGAAAACTATGTGACGC 
             ||||||||||||||||||||||||||||    
Sbjct  2594  GGAAGCATGATAGAAAACTATGTGACGC 
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Alignment of the sequenced GFP-kinesin-13a (product of the 
BP reaction) to At3g16630. 
The nucleotide sequence of kinesin-13a fused to GFP via Gateway 
cloning was sequenced and aligned to the cDNA sequence of 
kinesin gene to verify the cloning and that the kinesin gene was in 
frame with the fluorophore sequence.  
Query  44    TCCTTGAGACGGCGTTGGAACCGAGCAATCCTGGCTTGAAGACTGACTAGCCCTGCTGCT  101 
             |||||||||||| ||||||||||||||| ||||||||||||||||||||||||||||||| 
Sbjct  2706  TCCTTGAGACGGTGTTGGAACCGAGCAAGCCTGGCTTGAAGACTGACTAGCCCTGCTGCT  2647 
 
Query  102   TTCCGGGACAACACAAAGCTCAGTTGCGTCACATAGTTTTCTATCATGCTTCCCGGTTGG  161 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2646  TTCCGGGACAACACAAAGCTCAGTTGCGTCACATAGTTTTCTATCATGCTTCCCGGTTGG  2587 
 
Query  162   TCCACCTCCGCTAGAAGTTTCATTTCCTCGCGAACAATCTCCATTGTATCCTCAATTTCT  221 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2586  TCCACCTCCGCTAGAAGTTTCATTTCCTCGCGAACAATCTCCATTGTATCCTCAATTTCT  2527 
 
Query  222   TTTCTGTGCGCTGCAATCAGAGCTTCTTCTTCCTCAAGCAGTGCATCGAGGTTTTCATCA  281 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2526  TTTCTGTGCGCTGCAATCAGAGCTTCTTCTTCCTCAAGCAGTGCATCGAGGTTTTCATCA  2467 
 
Query  282   AGCGAAGGGTCGGTTTCATATTGCCATGAAGCGGTTTCATATTGCCTTGAAGCAGTTTCA  341 
             ||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||| 
Sbjct  2466  AGCGAAGGGTCGGTTTCATATTGCCTTGAAGCGGTTTCATATTGCCTTGAAGCAGTTTCA  2407 
 
Query  342   CTTGCGTTCTGTCTAAAATTTGTCAAGGTAGGGATATCCGACGAACTGACATCTCTTTTA  401 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2406  CTTGCGTTCTGTCTAAAATTTGTCAAGGTAGGGATATCCGACGAACTGACATCTCTTTTA  2347 
 
Query  402   GACCAATTTTGTGGTCTGTCTGGTTTTTCTTCCCGCAACCCTTTCCCACGAGGTGGTGAC  461 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2346  GACCAATTTTGTGGTCTGTCTGGTTTTTCTTCCCGCAACCCTTTCCCACGAGGTGGTGAC  2287 
 
Query  462   ACTTTCTTTACTTTCTCTTCACGGTCTGAAGTTTCTTGGGGATATGAAGAAATGTTGTTT  521 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2286  ACTTTCTTTACTTTCTCTTCACGGTCTGAAGTTTCTTGGGGATATGAAGAAATGTTGTTT  2227 
 
Query  522   CTCTGACTATTGGAGCCAGCAAAAGAACTGTTCGGCTCTGATCTTCCCTTGTCCATTGAG  581 
             ||||||||| |||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2226  CTCTGACTAGTGGAGCCAGCAAAAGAACTGTTCGGCTCTGATCTTCCCTTGTCCATTGAG  2167 
 
Query  582   AATGATGGGATTCCACTTTCCTCTCGATAATTTGTAGGCTGTCTGAAGTCAATACCCTAC  641 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||| || 
Sbjct  2166  AATGATGGGATTCCACTTTCCTCTCGATAATTTGTAGGCTGTCTGAAGTCAATACCCGAC  2107 
 
Query  642   GTACTGCTTGTTGCTGTCCTTCTCGAC 
             ||||||||||||||||||||||||||| 
Sbjct  2106  GTACTGCTTGTTGCTGTCCTTCTCGAC 
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Appendix V 
Movies: 
Movie 1: ST-GFP Velocity 
Movie 2: ST-GFP LatB 
Movie 3: ST-GFP oryzalyn 
Movie 4: Trapping 
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Appendix VI 
Poster, prentations and publications 
Oral presentations:  
 
Seminar series, Oxford Brookes University (UK)- 2015 
 
Young scientists symposium, Bristol (UK)- 2013 
 
ENPER meeting, Lecce (Italy)- 2014 
Chair of the session. 
 
Annual postgraduate symposium, Oxford Brookes Univeristy (UK)- 
2013 
 
Publications: 
 
Rocchetti A, Hawes C and Kriechbaumer V (2014) Fluorescent 
labelling of the actin cytoskeleton in plants using a cameloid 
antibody. Plant Methods 10: 12. 
Rodríguez-Serrano M, Pazmiño DM, Sparkes I, Rochetti A, Hawes 
C, Romero-Puertas MC and Sandalio LM (2014) 2,4-
Dichlorophenoxyacetic acid promotes S-nitrosylation and 
oxidation of actin affecting cytoskeleton and peroxisomal 
dynamics. Journal of Experimental Botany 65(17): 4783–4793. 
Posters: 
 
Finalist at L’Orel-Unesco For Woman in science, London (UK)- 
2015 
 
Postgraduate symposium, Oxford Brookes University (UK) - 2014 
 
Golgi apparatus symposium, Bad Ischl (Austria)- 2013 
 
Novel Biophysical Approaches in the Investigation of the 
Cytoskeleton, 
The 27th European Cytoskeletal Forum Meeting, Pécs (Hungary)- 
2012 
